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Chapter  4#  XIV.  LONGITUDINAL  DISTURBED  MOTION. 


•§14.i.  Common  properties  of  the  longitudinal  disturbed  motion. 


During  the  low  initial  distuL nances  of  the  kinematic  parameters 
of  the  AK,  Aa,  AO,  w,  of  the  longitudinal  undisturbed  motion,  the 
longitudinal  disturbed  motion  is  described  by  linear  differential 
equations  (6.9)  or  (6.1J).  The  coefficients  with  unknowns  in  these 
equations  are  the  particular  derivatives  of  the  projection  of  the 

forces,  which  act  on  aircraft. 


f?  , f?u  t of  the  main  vector  and  /*7  / of  the  main  moment  of  the 
H ' *- 


1 


The  methods  ot  the  determination  of  pitching  moment  of  M and 
its  partial  derivatives  are  described  in  chapter  IX.  The  projections 
of  the  main  vector  of  R ^ j and  0,1  the  b°^y  axes  of  coordinates 
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lor  a straight  flight  in  vertical  plane  uitnoat  bank  and  slips  are 
Jeter  aiined  by  relationships 


= Pxl - Xx - G sin  «»  = />„_  r rl  ^ S - G sin  ft;  (14.1) 

Rn  = P* i + K,  — 0 cos  ft  = A*, , — 0 co«  '■» , (14. 2) 


where  X,  and  Y,  - tangent ial  and  normal  force;  for  the  low  angles  of 
the  attack  of  c„,xcy;  cxX**r.x  — ocv;  Pvl — the  transverse  component  of 
thrust/tod,  caused  by^the  noncoincidence  of  the  velocity  vector  of 
flight  with  axle/a^xis  Ox,  (see  § 9.4). 


In  the  given  calculations  in  view  of  the  smallness  of  the  angle 
of  *s  s^t/assumed  the  P. 


The  particular  derivative  of  R ^ j in  terms  of  speed  will  he 


determined  in  the  form 
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R'',i  = Pv-xX~Pv-±-c»,?l  S-c,#VS,  (14.3) 


while  the  particular  derived  - according  to  the  altitude-speed 

(V) 

engine  characteristics.  The  value  of  c is  virtually  equal  to  zero 

* / 

with  cl  /V jthen  it.  it.  increases  and  it  reaches  nuximum  with 
Mach  number,  which  precedes  the  purely  supersonic  mode/conditions  of 
the  flow  about  the  aircraft-  Further  it  decreases  and  becomes 

negat ive- 


Paye  266. 


Assuming  that  the  tangential  component  of  the  thrust  does  not 

a cK 

depend  on  angle  of  attack,  the  particular  derived  x / if  is 
possible  to  write  in  the  form 


* 
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Kx\  - c x\  -^—  5. 


(14.4) 


The  value  of  C ^ j it  is  located  by  numerical  differentiation  of 


the  experimentally  obtained  dependence  cf 


since  the  thrust  of  engines  and  drag  on  pitch  angle  do  not 

depend. 


A**!  = — G cos  ft. 


(14.5) 


The  partial  derivatives  of  A»*y,  A’*?  are  located  as  increases 

in  the  force  of  periphery  during  the  deflection  of  controls  of  unit 
angle  (for  example  A*);  *=  — rjf  ^ 5).  The  value  of  A^  is  determined 
from  the  engine  characteristics,  which  link  the  angular  position  of 
engine-control  lever  (throttle  control)  with  the  engine  thrust. 


fc.  «t 
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Let  us  determine  now  particular  derivatives  of  the  value  of  the 
projection  of  the  of  the  main  vector  on  a*le/axis  Dy,.  If  we 

a 

consider  that  the  value  of  the  projection  of  thrust  on  axle/axis  Oy, 
does  not  change  during  speed  change,  which  sufficiently  accurately 
reflects  real  state  of  affairs,  then 


R*\  = reel's  -|-  ~ s. 


(14.6) 


Further  we  find 


**,.=4.  ~S+Plu 


(H.7) 


For  an  aircraft  with  TRD  accoruinq  to  relationship  (9.3'))  of  the 
P‘tXmmrnmV,  where  of  the  - the  flow  rate  per  second  of  air  of 

engine.  Derivative  cf  , in  terms  of  pitch  angle  is  equal  to 
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7?Ji *=G sin  I). 


(14.8) 


S 

The  particular  derived  R ® can  be  found  as  follows.  The 
coefficient  of  norizontal  tail  assembly,  referred  to  wing  area, 
possible  to  write  in  the  form 

c*t.o=sCvt  a>fr  „ (a  + <p  — tf4*fls8a)  ^*2  . 

s 


By  differentiating  this  expression  with  respect  to  <S„  we 

D ' 


If  r.o 


U r.o  ^r.o  AFt9flm 


s r.o 


lift 
it  is 


will 


obtain 
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Now  tor  the  partial  derivative  of  it  is  possible  to  write 


r.  oV*  „ 

A*  «—r  — 5. 

V ro  2 


If  the  initial  motion  byqone  establish/installed,  then  the 


coefficients  with  unknowns  in  equations  (8.7)  and  (8.13)  do  not 
depend  on  time  and  are  constant  values. 
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The  solution  to  t.he  equations  of  the  disturbed  motion  makes  it 
possible  to  find  the  kinematic  characteristics  a,  V,  a and  a us 
functions  ef  time.  Tue  calculations  show  that  for  the  real  layouts  of 
aircrait  the  disturbed  motion  of  statically  stable  aircraft  is 
determined  by  the  character  ot  the  basic  motion  and  can  consist 
either  of  two  oscillatory  motions  or  of  one  oscillatory/vi brat ory  and 
two  aperiodic  motions.  It  the  basic  motion  horizontal,  agitated 
usually  is  composed  of  two  oscillatory  motions;  if  rectilineal  with 
lift  - ot  two  aperiodic  and  one  oscillatory/vibratory  motions.  The 
quantitative  criteria,  which  characterize  the  disturbed  motion,  are 
the  period  of  oscillations,  the  time  of  damping  to  half  amplitude, 
the  number  of  osci 1 la t lcn/v ibra tions  down  to  virtually  complete 
at  ten  uat ion. 

The  special  feature/peculiarity  of  the  solution  to  the  equations 
cf  the  longitudinal  airplane  disturbance  entails  the  fact  that,  among 
the  complex  roots  of  characteristic  equation  (8.17)  it  is  possible  to 
separate  on  mod ule/raod ui us  two  large  and  two  small  roots.  It  will  be 
below  shown  that  the  large  complex  conjugate  roots  determine 
short-period  motion,  and  low  - long-period.  Long-period  (slow)  motion 
is  connected  in  essence  with  the  translation  of  aircraft  in  space, 
and  short-period  is  connected  with  rotary.  The  physical  nature  ot  the 
existence  of  these  motions  entails  the  fact  that  the  value  and  the 
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direction  of  the  velocity  01  motion,  and  also  the  flight  tra  lector  y 
change  considerably  slower  than  the  angle  of  attack  of  aircraft. 


The  role  of  these  two  motions  is  different.  The  long- period 
motion,  which  develops  slowly  in  time  and  space,  can  be  in  time 
noticed  and  is  removed  by  aircrew,  but  short-period  motion  so  rapidly 
which  to  check  and  to  correct  it  is  extremely  ditficult. 

7 

u . 

* 

Analyzing  short-period  motion,  they  assume  that  the  flight  speed 
is  constant,  i.e. , long-period  motion  still  not  developed.  Analyzing 
long-period  motion,  they  assume  that  the  short-period  motion  on  the 
strength  of  its  strict  course  already  ended  and  the  angular 

displacements  of  aircraft  relative  to  velocity  vector  are  absent 

( dn  did  _\ 

| — ==—==&«  ==0).  These  assumptions  make  it  possible  substantially 
to  simplify  the  analysis  of  airplane  disturlance. 


Page  26b. 


$ I1*- 2.  short-period  longitudinal  airplane  disturbance. 
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For  the  simplicity  ol  the  analysis  of  short-period  motion,  let 
us  consider  that  the  initial  state  of  motion  is  the 
straight-and-level  flight.  Furthermore,  let  us  assume  that  the 
control  var.es  are  pressed,  the  engine  [ ewer  rating  constant,  and 
external  dist  ur  ba  nce/pe  r t ur  bar.  i ons  are  absent,  i.  e.  , in  this  case  the 
emergence  of  the  disturbed  motion  is  determined  by  the  initial 
kinematic  disturbance/perturbations  Aa  and  a8. 


Since  in  the  process  of  short-period  motion  the  speed  does  not 
manage  to  be  changed  (AV  -0),  it  is  possible  to  be  restricted  to  the 
solution  to  the  last/latter  two  equations  of  systems  (ft. 13),  which 
taking  into  account  the  made  assumptions  it  is  possible  to  write  in 

the  form 


a 


a 


dAu  . , dAb  . . 

+fltjAa -fanA8  =0; 


dt 


. diAb  . . d Aa  . . dAb  , 

« dO  +a’»"^r+a33  — + fl»*Aa=0. 
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By  the  term  ot  equation 


a„ A#=  — G sin  »Ai> 


it  is  possible  to  disregard  in  view  of  his  smallness. 


The  characteristic  equation  of  the  simplified  system  takes  the 


form 
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|aMP+«*,  a^p 
la  ip-j-a^j  a:ap*  -j-a^p 


or  after  expansion  of  a determinant: 


where 


A P[&&n  + P{a&’3t+avplt~a;ji^)+at0‘n-atfiH]M* 


~ana^p(pi  \-2\2np  -f-2?). 


f>2 “K  “11 

— 0 


flj  (J-j j 


s __  a,-'2a  a.'2a3| 

2C,JaJJa;u 


(14.9) 
(14.  10) 


(14.  11) 
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Here  Q0  is  the  reference  frequency,  equal  to  the  oscillation 
frequency  of  system  in  the  absence  of  dampinq,  € is  ^ decrement  or 
oscil la t ion/ v l bra ti on s. 


By  solving  equation  (14.9),  we  will  obtain 


^,..=52.±l/?2J0-eS=;a,  ± /2,v  1 -*•; 
/>»•=  o. 
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Page  2b9. 


Thus,  rapid  motion  consists  ot  aperiodic,  determined 
root,  and  oscillatory  motion  with  the  angular  frequency  of 
vsL’,1  1 — In  this  case  an  increase  in  the  angle  ot 
possible  to  write  in  the  form 


z ero 


attack  it  i 
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Au  = sin  (vf  -(-?)  -!  /I.,  (14.12) 


where  the  ^ec  > ^ ex  and  (p  ate  constants,  determined  by  the  initial 
conditions;  £ = £Q0  - attenuation  lac tor. 


It  is  not  difficult  to  demonstrate  that  if  the  disturbed  motion 
is  caused  by  the  initial  disturbance  of  angle  of  attack,  i.e.,  it  is 
examined  after  the  break-down  of  perturbing  forces,  then  A ■=  C? . 


Reference  frequency  car.  be  determined  from  equation  (14.10),  by 
substituting  here  valuyes  in  accordance  with  Table  8.1  and  formulas 

(14.4)  - (14.8); 
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where 


(14.13) 


from  expression  (14.13)  it  follows  that  the  reference  frequency 

Q0  depends  on  the  longitudinal  stability  iactor  of  aircraft  in  terms 

£ 

of  the  g-force  of  m and  coefficient  ot  rotary  derivative,  with  an 
increase  in  the  longitudinal  static  stability,  increases  the 
frequency  of ' short- per iod  motion. 
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If  aircraft  is  unstable  on  the  g-force  of  (mi"'>0),  that 
SU<0.  This  aeans  that  the  oscillatory  motion  is  absent.  In  this, 
the  instance  of  the  disturbed  motion  is  composed  of  two  aperiodic# 
one  of  which  in  the  couise  of  time  grow/rises  the  Cpr->OJ 
exponentially.  Thus,  the  longitudinal  slort-period  motion  exists 
little  more  than  in  the  presence  of  the  stability  of  aircraft  on 
g-f orce. 


Let  us  find  the  value  of  attenuation  factor  C: 


C=-5Q0= 


a22aM  + ar.ax<-  a.  sa3.l 

^■aVlaVi 


or#  substituting  the  value  of  coefficients  from  Table  8.1: 


t 


V, 


2 mV 


(14.  14) 
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Page  270. 

If  attenuation  factor  c,  < 0,  then  in  the  course  of  time  the 
amplitude  of  oscillations  attenuates,  and  the  short-period  disturbed 
motion  is  steady.  from  re lati°nsh r p (14.14)  it  is  evident  that  the 
attenuation  occurs  as  a result  of  damping  both  rotary  (first  term  in 
right  side)  and  forward  motions. 


Damping  forward  motion  is  explained  by  the  fact  that  during  a 
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change  of  the  angle  of  attack  as  a result  of  the 

displacement/moveiaent  of  aircraft,  in  the  direction,  perpendicular  to 

^ or 

speed,  appears  lilt  increment  of  Y /A  a. } directed  against  ‘•his 
displacement /mo vament. 


If  £ = 0,  then  the  disturbed  motion  is  harmonic  oscillations.  It 
C > 0 (there  is  no  damping)  , then  in  the  course  of  time  the  amplitude 
of  oscillations  increases  and,  in  spite  of  the  presence  of  stability 
on  g- force  (SJq  >0),  the  short-period  motion  it  becomes  unstable. 
Consequently,  the  static  stability  on  g-force  is  the  necessary,  but 
insufficient  stability  condition  of  short-period  motion. 


During  u ni er i a mpin g short-period  motion,  the  crow  and  th? 
passengers  during  prolonged  period  of  time  undergo  g-forces,  which 
tires  crew  and  negatively  snows  up  in  the  health  of  the  passengers. 
Therefore  it  is  necessary  that  the  oscillatory  motions  rapidly  would 
be  discontinued. 


To  evaluate  the  quality  of  short-period  motion,  are  applied 


several  criteria. 
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The  most  wiialy  iccopteii  criterion  is  the  time  interval  of  & 


A 5"  ■ 


during  which  the  amplituue  of  oscillation  it  decreases  double: 


l)eu  = 21  , 


whence,  logar  ithmiz  ir.g,  we  will  obtain 


t 


o.t 


In  2 
C 


0,693 


(14.  15) 


The  greater 
will  be  required 


the  attenuation  factor  £,  the  lesser  th»  tima  it 
to  that  that  amplitude  would  decrease  double. 


of 


Logar it  hmi c 
the  amplitudes 


decra ment^is  equal  to  the  logarithm  of  the  relation 
, measured  with  time  interval,  equal  to  one  period 


of  T : 
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Dt'1  r 


(14.  16) 


where  the  — the  oscillatory  period  of  oscillation. 

Ar.  the  time  interval  t3  durinq  which  the  oscillations 
were  discontinue!,  it  is  accepted  the  time  of  an  amplitude 

twenty  times. 


virtually 
red  uc^ ion 
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Page  271. 


Fig.  14.1.  Character  of  a change  ot  the  angle  of  attack  and  pitch 
angle  in  the  process  of  short-period  motion  daring  the  initial 
disturbance/perturbation  ot  angle  of  attack. 


j 
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Analogous  with  formula  (iu.15)  we  will  obtain 


After  dividing  into  period  of  T,  *e  will  obtain  the  njmber  of 
oscillations  u3  before  the  complete  attenuation: 


In  20 3^ 

C T :T  ' 


(14.  17) 


For  a passenger  aircraft  for  the  target/purposes  of  the 
provision  for  comfort  n3  must,  be  less  than  three  (n3  < 1).  This  means 
that  in  the  relation  to  short-period  motion  are  placed  thg  more 
stringent  requirements,  than  the  condition  of  its  stability. 


The  changes  in  the  u istm  hance/perturbat  ions  of  the  angle  or 
attack  and  pitch  angle  are  determined  by  expression  (14.12), 
differing  only  in  terms  of  values  constant  A,  D a.ncX^.  pot  Am  the 
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value  ot  A = O while  for  A<3  the  value  of  A^^fl  i.  e.  if  the 
cessation  of  short-period  raotror  an gle  of  attack  is  reduced  to 
original  val'ie,  and  pitch  angle  turns  out  to  be  that  which  was 
deflected  from  original  value  tor  the  value  of  Ai^  (Fig.  14.1)  . 


The  u’turn  of  angle  of  attack  to  the  initial  value  naans  “he 
return  of  angle  of  attack  to  the  initial  value  it  means  return  to 
moment  balance,  out  not  to  equilibrium  of  forces,  since  A3  0. 

The  disequilibrium  ot  forces  is  the  reason  for  the  emergence  of 
long-period  motion. 


6 14.3.  Long-period  longitudinal  airplane  disturbance. 


The  oscillatory  period  of  oscillations  in  long-period  motion 
approximately  to  two  orders  more  than  the  oscillatory  period  of 
oscillations  in  sh o rt- per iod,  therefore  it  is  possible  to  consider 
that  the  stable  with  respect  to  short-period  motion  aircraft  does  not 
have  rapid  oscillations,  pitching  moments  are  balanced,  i.e. , changes 
Aar  are  negligible,  M ^ 0 . 
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In  this  case  the  third  equation  ot  system  (6.  1J)  can  ne  eliminated 
from  examination.  Furthermore,  during  the  analysis  of  long-period 
motion  in  the  first  approximation,  it.  is  possible  to  disregard 
altitude  effect. 


The  motion  of  the  center  of  mass,  which  is  obtained  during  such 
limitations,  for  the  first  time  bygone  investigated  by  N.  Ye. 
Joukowski  in  1891  was  called  the  name  phugoid  motion. 


At  the  moment  of  the  phugoid  motion,  following  after 
short-period  motion,  the  pitch  angle  differs  from  pitch  angle  30  the 
initial  motion.  If,  tor  example,  pitch  angle  obtained  tha  initial 
positive  increase,  then  at  first  aircraft  flies  with  the  climb, 
stalling,  and  then,  since  with  a decrease  in  the  velocity  decreases 
lift,  retards  the  climb  and  begins  to  descend,  building  up  speed,  in 
this  motion  it  passes  the  initial  m od  e/co  nd  it  ions,  losing  altitude. 

In  the  process  ot  acceleration/dispersal,  the  lift  increases  un*il  is 
discontinued  as  a result  of  its  increase  reuuct ion/descent  and  will 
not  be  initiated  the  new  climb.  For  the  determination  ot  the  factors. 
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which  damp  this  oscillatory  motion,  wo  examine  the  first  t w0  equation 
of  systems  which  under  the  above-made  assumptions  take  the 

following  form  (the  proper  motion  of  aircraft  aI0  = ajJ0  = 0 i:, 
analy  zed)  : 


a"  ^7+anAV'+a1JA»  = 0, 
nnA^  -fflsi  — — r ^ = 0. 


Characteristic  equation  lor  this  system  can  be  written  in  the 
form  of  determinant 


auP  + an 

Cl- 9 I 


u13 


=0. 


A = 
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aperture  which,  we  will  obtain 


\fl2:  "ll  / 


=f-XlP+  L'Uo,  (14.  18) 

<,iiaji 


where  £,  - the  attenuation  factor  of  long-period  motion;  0O,  are  its 
reference  frequency. 


Attenuation  factor  is  equal  to; 


r _ 1 / an  i-  111  \ 


or,  substituting  the  value  of  CL  . • frcm  Table  8.1: 


PV  ~ ■A’}'  g »ln  > 
= 2m  IV 


(14.19) 
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Passing  over  to  wind  coordinate  system  (Xt  - X-Yor)  ind  taking 


into  accou 


nt  that  in  the  initial  flight  equilibrium  Y = G cos  6,  we 


will  oLtain 


Pv-Xv 


+ f-(^  + ac°sfl).  (14.20) 


By  the  condition  of  the  attenuation  of  t.ie  amplitude  of 
oscillations  it  is  C < 0-  Second  term  in  the  right  side  of  expression 
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(14.20)  positively  during  the  climb  can  become  negative  luring 
reduction/descent.  First  term#  as  a rule,  is  negative.  That  means 
long-period  motion  stable  during  reduction/descent  can  turn  out  to  be 
unstable  during  the  climb. 


If  ve  in  the  examination  of  long-period  motion  introduce  less 

rf-ift  <i±a 

rigid  assumptionsr  after  accepting  rf<2 — ^ — 0.  i.e.  to  disregard 

only  angular  acceleration  of  aircraft  and  the  rate  of  change  in  the 
angle  of  attack,  then  in  this  case  it  is  necessary  to  consider 
momental  equation.  Then  the  characteristics  of  long-periol  motioi  are 
depend  on  derived  m'*  and  Jim*. 

dCy 


Expression  for  the  reference  frequency  of  long-period  motion 
will  take  form  » 


(14.21)  . 


FOOTNOTE  1 L.  3.  Totiashvili.  Longitudinal  stability  and  the 
controllability  of  flight  vehicle,  RUGA,  Riga,  1963.  ENDFOOTNOTF. 
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Hence  it  toLlows  that  the  lory-period  disturbed  motion  exists. 

Si  >0  if  (with  m- <5/  <£?,)  airci af  t is  stable  on  the  rate  of 
O*  I J 2L 


<o) . 


If  aircraft  is  unstable  alony  the  rate  of  ( ,/c„  -'>®l  ’ 
lony- period  motion  is  absent:  it  falls  into  two  aperiodic  motions, 

which  one  it  is  unstable  (Fiy.  14.2).  For  near-  and  supersonic 
aircraft  this  instability,  expressed  to  a yreat  deyrae  for  aircraft 
with  thick  wing,  low  or  zero  sweepbacks  and  to  a slight  degree  for 
aircraft  with  swept  or  deltas,  is  observed  in  certain  range  of  the 
supercritical  Mach  numbers. 


Density  change  with  he  iy  ht/a  It  itude,  not  taken  into 
consideration  here  duriny  analysis,  contributes  to  oscillation 
dampiny,  since  during  motion  with  the  climb  the  lift  will  decrease 
not  only  as  a result  of  deceleration,  but  also  in  connection  with  a 
decrease  in  the  density- 
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on  the  contrary,  luring  a decrease  in  the  height/altitude  in  the 
process  ot  oscillatory  motion  the  lift,  which  hinders  this  motion, 
will  additionally  increase  because  of  an  increase  in  the  air  density. 


§14-4.  Dynamic  longitudinal  control  characteristics. 


Transfer  motions. 


Any  control  pressure  on  aircraft  can  be  considered  as  the 
perturbation  factor,  which  causes  the  appropriate  disturbed  motion. 
This  motion  is  accepted  to  call  controlled  motion. 


A special  case  of  controlled  motion  is  the  transfer  motion,  ol 
transient  process  is  the  disturbed  motion,  caused  by  step  input  of 
the  controlling  factor.  In  the  process  of  transfer  motion*  are 
reached  the  new  desired  values  of  the  parameters  of  the  motions,  for 
obtaining  which  was  undertaken  the  control  pressure. 


The  function,  which  describes  a change  in  the  parameters  of 
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motion  during  transient  process  during  the  step  deflection  of 
of  unit  angle,  is  called  of  transient  function. 


In  this  case  of  ut0 — Af,A8,t  and  system  (8.13)  taking  into 
account  the  made  assumptions  will  take  form 


. d\a  , ■ </a#  . - . 

an  77  +**•  77-  +a«A°  -f  aMA»  =0, 


. a2i#  , • dla  . ■ 

av>77  + *~dT  ™7 7+a«Aa=a».^8- 


a„s=  At,. 


(14.22) 


con t rol 


where 
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A8a 


Pig.  14. J.  Diajraa  of  the  stop  deflection  of  elevator. 
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The  characteristic  determinant  of  heterogeneous  linear  system 
(14.22)  is  determined  by  the  left  side  of  the  equations  and,  which 
means,  is  identical  with  relationship  (14.9).  The  properties  of 
controlled  motion  in  a sufficient  measure  can  be  revealed,  if  is 
assigned/prescribed  the  law  of  the  displacement  of  control.  Based  on 
this#  we  will  be  restricted  to  the  examination  of  the  transfer 
motion,  caused  by  the  step  deflection  of  elevator.  This  control 
assumes  to  be  the  instantaneous  deflection  of  control  of  the  angle  of 
and  its  retention  in  this  position  (Fig.  14.3). 


in  this  case  the  solution  of  system  (14.22)  it  is  possible  to 

write  in  the  form 


Aa(/)=ri.(0A8„  a«(/)  = ii*(Oa\. 


where 


IT,  (t)=--A.  -J-  tie"  sin  (v/  + ft),  | 

n.  (/)  — #4.  -f  B„t -f  /vc' Sil I(v/  (-?„)  j 


(II.  *23) 
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- transient  functions  on  angle  of  attack  and  pitch  ingle 
respectively. 


Since  the  ch a ract erist ic  determinants  of  the  transfer  motion, 
caused  by  the  aefLection  of  control,  and  longitudinal  short-period 
motions  (14. d)  are  identically  equal,  transfer  motion  is  short-period 
motion,  however,  the  coefficients  < t At,  fib,  Db,  depending  on 

the  initial  conditions  of  the  structura 1- aerodynamic  characteristics 
of  aircraft  and  elevator-effectiveness  derivative,  differ  from  the 
same  for  the  snort-period  motion,  caused  by  the  initial  disturbance 
of  angle  of  attack. 
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Thus,  for  instance,  in  expression  (14.12)  of  /\  =.  @ a in 

Of  7 

(14.23)  = . If  C < 0*  i.e.f  oscillatory  motion  attenuates, 

ao 

then  with  period  of  time  angle  of  attack  reaches  the  new  value*  which 
differs  from  the  initial  by  value 


A a (oo)  = 

ao 


(14.  21) 


“fhis  and  be  an  increase  in  the  angle  of  attack,  for  the  purpose 


of  obtaining  which  was  undertaken  the  control  pressure. 
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Pig.  14.4.  Dependence  of  transfer  motion  for  different  5. 
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From  expression  for  the  transient  function  of  pitch  ingle,  it 
follows  that  at  the  end  of  transfer  motion  tor  a statically  stable 
aircraft  the  pitch  angle  obtains  increase,  equal  to 


(14.25) 


where  - the  transit  time,  taken  equal  to  the  time  of  an 

amplitude  reduction  of  oscillations  twenty  times.  In  the  course  of 
time,  an  increase  in  the  pitch  angle  increases  proportional  to  time, 
although  on  angle  of  attack  the  aircraft  is  stabilized.  Pitchina, 
caused  component  fl#/nAA»,  serves  as  a reason  for  the  development  of 
long-period  transient  process.  Figure  14.4  shows  the  character:  of 
transient  processes  by  the  angle  of  attack  and  pitch  at  the  different 
values  of  the  decrement  of  oscillation. 


Analogously  are  determined  the  transient  functions,  also*  in  thJ 
case  of  the  control  displacement  ot  the  longitudinal  force.  During 
the  deflection  of  the  sector  of  fuel  feed  to  engine,  thj  transiert 
process  is  determined  from  system  (8. 13)  under  the  assumption  that 

a„  = p*  * a„=*aK=0. 
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This  controlled  motion  during  the  step  deflection  of  the  sector 
of  fuel  feed  is  continued  prolonged  period  of  time,  and  the  pilot  has 
sufficient  time  for  its  correction.  Therefore  in  pure/clean  form  the 
transfer  motion,  caused  by  the  step  deflection  of  the  sector  of  fuel 
feed  to  engine,  does  not  play  so  significant  role  in  the  evaluation 
of  aircraft  handling. 


Dynamic  characteristics  of  the  longitudinal  controlled  motion. 


By  the  dynamic  characteristics  of  controlled  motion,  are 
understood  the  criteria,  which  determine  the  controlled  process, 
i.e.,  the  indices  of  the  disturbed  motion,  caused  by  the  control 
pressure.  Since  the  controlled  motion  is  defined  both  characteristics 
of  its  own  airplane  disturbance  and  by  the  character  and  the  value  of 
the  control  pressure,  the  indices  of  the  controllabilit y of  motion 
must  include  and  those,  and  other  characteristics.  The  structural 
form  of  majority  of  the  indices  of  static  controllability  can  be 
presented  in  the  following  form: 
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The  index  ot  controllability  = the  value,  which  characterizes 
the  control  pressure  / the  value,  which  characterizes  the  reaction  of 
the  motion  of  the  aircraft,  caused  by  this  effect. 

Page  277. 

Such  indices  include  the  static  handlings  examined  above  (see 
chapter  XII  and  XIII). 

\ 

The  properties  ot  dynamic  aircraft  handling  can  be  estimated  by 
its  ability  rapidly,  also,  without  noticeable  oscillations  answer  the 
control  pressure,  i.e. , follow  a change  in  the  position  of  controls. 

The  reaction  of  aircraft  to  the  control  pressure,  to  the  speed 
of  the  achievement  ot  the  rated  value  of  the  parameters  of  motion#  to 
value  of  the  possible  excess/t.hrow/overshoots  (overregu  lat  ion)  is 
characterized  by  transient  functions.  Research  on  transient  functions 
makes  it  possibla  to  reveal  the  criteria,  which  characterize 
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controlled  motion  - the  quality  of  transient  process. 

A^  it.  was  noted  above  (see  chapter  IX),  the  longitudinal  con*  iol 
pressure  on  aircraft  it  is  realized  by  two  controls:  by  an  elevitor 
or  by  its  replacing  or  jan/contiol  and  engine-control  lever. 

The  problem  of  the  study  of  transient  process  considerably  will 
be  simplified,  if  we  examine  separately  the  motion,  causal  by  the 
deflection  of  elevator,  and  the  motion,  caused  by  the  thrust  control 
or  drag.  In  this  case,  let  us  consider  that  the  aircraft  does  not 
undergo  the  effect  of  the  external  perturbation  factors.  7 r Let  us 

examine  at  first  the  transient  process,  caused  by  the  deflection  of 
elevator,  after  accepting  into  consideration  the  following 
assum  ptions: 

% 

a)  the  initial  motion  - establish/installed  and  rectilinear; 

b)  the  elavator  angle  is  low  (is  applicable  the  principle  of 


slight  disturbances); 
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c)  the  control  torce,  caused  L>y  the  inflection  of  elevator, 
considerably  less  than  the  aerodynamic  lift  of  aircraft; 


d)  rate  constant  (AV  = 0)  . 


With  these  assumptions  the  transfer  motion,  caused  by  the 

deflection  of  elevator  of  the  angle  of  /]  £ > can  be  iescrited  by 

B 

system  (8-13),  if  we  into  the  tight  side  of  the  momental  equation 
introduce  governing  tor gue/moment. 


on  the  well  controlled  aircraft,  it  is  rapid  without 
oscillations  answering  the  control  displacement  and  force,  applied  to 
control  levers,  the  pilots  speak:  "aircraft  follows  well  the 
controls"  or  "walking  after  steering  control  (pedals)  gaol".  The 
evaluation  of  this  property  can  be  produced  along  the  delay  time  of 
the  reaction  of  aircraft  to  the  control  pressure  and  the  absolute 
value  of  a change  in  the  parameter  of  motion. 
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14.5.  Depenianca  of  the  dimensionless  time  of  transfer  motion 

(. 
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Delay  time  anil  tha  value  of  the  output  pa  r a me  t e r can  he  determined, 
on  the  strength  at  the  transfer  motion  of  the  aircraft,  causal  hy  the 
stepped  control  1 is  placemen  t,  or  with  the  aid  of  tne  a mpl  i ♦ tide- phase 
characteristics  of  controlled  motion,  in  the  second  case  the  control 
displacement  is  conducted  according  to  harmonic  law.  Delay  is 
estimated  according  to  phase  displacement  between  a change  in  the 
parameter  of  motion  in  question  and  a change  in  the  monitored  value, 
but  output  value  is  estimated  according  to  the  ratio  of  their 
amplitudes. 

Longitudinal  control  characteristics. 

A change  in  the  angle  of  attack  during  the  deflection  of 
elevator  of  is  described  by  expression  (14.23).  Transit  time 

shows  the  delay  of  the  reaction  of  aircraft  to  the  deflection  of 
elevator.  The  time  of  practical  achievement  A a (-)  with  an  accuracy 
to  *>o/o  is  defined  according  to  equations  (14.2  3)  from  condition 
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1 Ac  (/„)  I — t Ag  (oo)  | _ ^ ^ gVn 

|Aa(«)|  ' A 

(14.26) 


^Solving  equation  (14.26)  telaUve  to  the  transit  time  of  £ ^ 


obta i n 


By  such  form,  as  one  would  expect,  the  transit  time  completely 
is  determined  by  its  own  properties  of  the  short-period  disturbed 

motion. 

Let  us  introduce  the  concept  of  dimensionless  transit  time: 


we 


DOC 


76  I'M  J J6 


PACE 


from  expression  (14.27)  it  follows  that  the  dimensionless  time 
depends  only  on  the  decrement  ot  oscillation  £.  It  is  necessary  to 
keep  in  mind  that  formula  (14.27)#  obtained  from  equations  (14.23)  , 
is  valid  within  int^rval/gap  0 < £ < 1.  With  S 1 motion  ceases  to 

be  osciilatory/vibratory , and  solution  one  should  search  for  in 
another  form.  Figure  14.6  gives  the  dependence  of  ^)j  - ons tructed 
according  to  formula  (14.27),  ttom  which  it  follows  that  optimum  from 
the  viewpoint  of  a faster  achievement  of  output  value  ono  should 
consider  the  cases  when  0.7  < c,  < 0.9. 


Page  279. 


A decrease  in  the  decrement  of  oscillation  is  accompanied  by  an 
increase  in  the  excess/th row/overshoot  of  the  parameters  of  motion 
(see  Fig.  14.4)  ; by  excess/thr ow/ove rshoot  is  understood  the 


DOC 


76  191  3 36 


PAGE 


difference  Between  the  instantaneous  value  of  the  parameter  of  motion 
and  its  new  potential  value  of  6i3  - Act  (t)  Aa  (»)  . With  considerable 
excess/throw/overshoot  along  the  angle  of  attack  of  oscillation,  the 
motions  are  perceived  in  the  form  of  abrupt  changes  in  the  acting 
g-forces,  which  impedes  precise  piloting  and  makes  the  conditions  of 
comfort  worse. 


For  passenger  aircraft  the  value  of 
t han  0. 1 5-0. 2 . 


Au(oe) 


must  be  not.  more 


For  an  aircraft  mechanically-controlled,  the  evaluation  of 
contr ollaoi 1 ity  is  conducted  according  to  the  character  of  controlled 
motion,  which  win  depend  both  on  its  own  properties  of  airplane 
disturbance  ani  from  the  characteristics  of  the  automatic  machine  of 

control. 

PROBLEMS  POR  REPETITION. 

1.  In  what  ttie  essence  of  the  simplified  examination  of  the 


longitudinal  disturbed  motion? 
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2.  In  what  the  difference  between  short- period  and  long-period 
notions? 

3.  Which  parameters  do  characterize  the  oscillatory  airplane 
d ist  u r ba  nee? 

4.  As  affects  longitudinal  stability  factor  the  characteristics 
of  the  short-period  longitudinal  disturbed  motion. 

s.  How  does  affect  static  stability  level  the  characteristics  of 
the  long-period  longitudinal  disturbed  motion? 

Problem. 

To  determine  the  character istics  of  the  short-period  and 
long-period  longitudinal  disturbeu  motion  (attenuation  factor. 
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oscillation  frequency  and  its  period,  the  decrement  of  the 
attenuation  of  > the  loyarithmic  decrement  of  attenuation  n,  the 

time  of  the  complate  attenuation  t 3) , if  the  characteristic  equation 
of  the  longitudinal  disturbed  motion  takes  the  form 


P4+6?*  + 33p»+0,9p+0,6— o. 
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Pages  280-299- 
CHAPTER  XV 

LATERAL  DISTURBED  MOTION. 

$ 15.1.  Common  properties  or  the  lateral  disturbed  motion. 


During  the  low  initial  distutbances  oi  the  kinematic  parameters 
|5.  y,  «•»*.  wy,  i|>  the  lateral  disturbed  notion  is  described  by 
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linear  differential  equations  (8.12)  or  (8.14).  Coefficients  in  these 
equations  depend  on  the  kinematic  parameters  of  the  axial  motion  (8, 
a,  V),  which  are  assumed  to  be  constants  and  known,  from  the  design 
characteristics  of  (/*,/„,  m)  and  from  the  particular  force 
derivative  and  torq ue/moments  from  the  kinematic  parameters  of  yawing 
motion.  The  particular  derivatives  of  the  lateral  torque/moments  are 
located  as  product  of  the  corresponding  particular  derivatives  of 
moment  coefficients  to  qSI,  for  example: 


All  = m IqSt,  Ml  — mlqS! , 
/t/  ".'  — m'^qSl  f 0£c  ,t 


The  methods  of  the  determination  of  the  particular  derivatives 
of  moment  coefficients  in  p,  <.>Y,  and  t he  methods  of  the 

determination  of  perturbing  forces  and  torque/n oments,  constituting 
the  right  sides  of  the  equations  and  which  consist  of  governing 
disturbance/perturbations,  and  the  d ist  ur  ba  nce/pe  rturba  ti  o ns  , caused 
by  the  effect  of  medium,  are  yiven  in  chapter  X and  XI. 


The  lateral  force,  i.e.,  the  projection  of  the  main  vector  ft  on 
axle/axis  Oz,,  is  located  as  projection  of  aerodynamic  force  and 
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gravitational  force  1 on  axle/axis  Oz,  : 


whence  with  low  i 


R'-—  Geos  & sin  y \-Zx, 


R^c'jS,  — Gcostt. 


FOOTNOTE  1 . The  projection  of  the  thrust  is  small  and  it  can  be 
disregarded.  ENDFOOTNOTE. 


The  structural-aerodynamic  characteristics  of  aircraft  are  such, 
that  the  usually  characteristic  equation,  comprised  for  the  initial 
system  of  equations,  has  two  real  p,  and  p2  ana  two 
conjugated/combined  complex  roots  of  p±/v.  This  means  that  the 
lateral  disturbed  motion  consists  of  two  aperiodic  motions  of  the 
type  of  Aei"  and  one  oscillatory  motion  whose  amplitude  changes 
exponentially  of  the  type  of  De*1. 
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Fig.  1r»..  1„  Simplest  forms  of  the  lateral  disturbed  motion 
aperiodic;  1 - oscillatory/vibratory. 
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Ot  two  real  roots  p,  and  p2,  as  a rule,  one  in  absolute  value  i 
considerably  wore  another,  it  the  real  roots  of  characteristic 
equation  and  the  real  part  ot  the  complex  roots  p are  less  than  zero 
the  yawinq  motion  o£  aircraft  stable,  whereupon  stable 
asymptotically.  Typical  change  in  time  of  one  of  the  parameters  of 
the  lateral  disturbed  motion,  which  consists  of  three  particular 
motions,  tor  case  Pi  < d,  p2  < 0 , ^ < 0 is  given  the  n of  Fig.  15.1 


The  motion,  which  corresponds  greater  along  module/modu lus  to 
real  root  (is  curve  1).  rapidly  attenuates.  This  motion  is  accepted 
to  call  the  motion  of  roll  damping.  The  smaller  tor  mod u le/mod u 1 us 
real  root  of  characteristic  equation  corresponds  the  slowly  damped 
motion;  it  accepted  to  call  spiral  motion.  The  complex  roots  of 
characteristic  equation  determine  the  oscillatory  motion  of  aircraft 
(is  curve  3)  . 


In  the  evaluation  of  the  lateral  disturbed  motion,  the  effects 
of  the  examined  particular  motions  are  not  equivalent.  At  low  flight 
angles  of  attack,  the  motion  of  roll  damping,  determined  in  essence 
by  the  transverse  damping  moment,  attenuates  very  rapidly,  and  in 
effect  it  has  a weak  effect  on  the  development  cf  yawinj  motion.  At 
wide  near-cr it i ca 1 angles  ot  attack,  when  the  transverse  damping 
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moment  is  short  and  even  cun  become  rotating,  the  motion  ot  roll 
damping  is  determining  in  the  development  of  the  lateral  disturbed 

motion. 


The  spiral  motion  in  many  respects  is  determined  by  t he 
relationship  between  the  degree  of  weather  cock  and  lateral  stability 
ot  aircraft.  With  low  transverse  and  large  weathercock  stability  the 
emergent  bank  is  eliminated  slowly,  and  reaction  for  slip  will  be 
considerable,  which  will  lead  to  the  rotation  of  the  nose  of  aircraft 
to  the  side  of  bank  and  thereby  to  a further  increase  in  the  roll 
attitude.  This  aircraft  is  spirally  unstable,  i.e..  it  has  a tendency 
toward  the  inlet  into  spiral  motion.  However,  this  motion,  whi  tnat. 
which  was  connected  with  the  forward  motion  of  aircraft,  is  developed 
very  slowly  and  easily  is  eliminated. 


Page  282. 


Therefore  the  presence  of  small  spiral  divergence  does  not  lead  to 
complications  in  aircraft  handling  and  freguently  remains  the 
unnoticed  pilot. 
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The  significant  effect  on  the  lateral  disturbed  motion  exerts  the 
osci 1 lat or y/ vibra t or y phenomenon.  Tneretore  both  crew  and  the 
passengers  estimate  the  behavior  of  aircraft  in  yawing  motion  as 
unsa t isf act  or y even  in  the  case  of  the  stability  of  oscillatory 
motion,  if  it  attenuates  insufficiently  rapidly.  From  foregoing  it 
follows  that  during  the  study  of  the  lateral  disturbed  motion  the 
special  attention  must  be  allotted  to  oscillatory  motion. 

Further  more,  it  is  necessary  to  keep  in  mind  that  the  lateral 
oscillatory  motion,  while  sufficiently  high-frequency  (commensurable 
with  the  frequency  of  the  longitudinal  short-period  motion), 
attenuates  more  slow  than  axial  motions,  which  makes  it  more 
unpleasant,  both  for  the  crew  and  for  the  passengers. 

On  stability  of  motion  duiing  the  disturbance/pert urbation  of 
the  initial  parameters  of  yawing  motion  it  is  possible  to  judge  Dy 
the  sign  of  real  roots  and  the  teal  part  of  the  complex  conjugate 
roots  of  characteristic  equation.  Qualitatively  yawing  motion  can  be 
evaluated,  ny  utilizing  the  stability  criteria,  examined  in  chapter 
VIII.  Rausa  - iiurwitz'  algebraic  criterion  tor  polynomial  (8.20)  is 
reduced  to  the  execution  of  inequalities 


<>,>0  I't  *4>0. 

I*  = btbb:i  — b\  — > 0, 


(15.  |) 
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where  m it  is  called  of  routh's  d iscr  i m inan  t. 


Since  b1%  is  always  less  than  zero,  inequality  b4  > 0 taking 
into  account  (8.21)  assumes  the  form 


t'vPil  ~ ^22^J1^«*  — ^j| btjbu  0. 


(15.  2) 


^tter  substituting  the  values  of  the  coefficients  of  bn  (Table 
8.1),  we  will  obtain  the  following  expression  for  inequality  (IS.?); 


m -f  m'"x  ft  cos  7 
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Xii  view  of  tne  smallness  of  the  spiral  turning  up  t or  que/momen  t 
and,  therefore,  the  derivative  of  m'y,  inequality  (15.7),  which 
expresses  the  condition  of  the  spiral  stability  of  aircraft, 
approximately  can  be  written  thus: 


n “> 

</ 


m'nx 

X 

m"'y 


it  COS  Y, 


(15  A) 


whence  it  follows  that  on  the  character  of  spiral  yawing  motion  the 

significant  effect  exerts  the  relationships  between  the  static 

9 3 «... 

m¥  and  rotary  derivatives  of  my,  m"»,  my,  whereupon  with  low  » 
and  r the  effect  of  the  last/latter  derivative  is  insignificant. 
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A sign  change  of  the  real  part  of  the  complex  roots  leads  to  a 
sign  change  of  routh's  discriminant  (m  < 0)  . in  this  case,  the 
aircraft  becomes  osci llator y/vi brator y unstable. 


The  analysis  of  this  condition  (by  analogy  with  the  stability 
condition  of  spiral  motion)  is  hinder/hampered  as  a result  of 

unwieldiness  of  the  obtained  expressions.  Furthermore,  the  execution 
of  the  stability  of  the  obtained  expressions.  Furthermore,  the 
execution  of  the  stability  of  oscillatory  motion  (p  < 0)  1 o not 
provide  the  reference  performance  of  crew.  Is  necessary  fulfilling 
more  stringent,  requirements  for  the  acceptable  conditions  of  crew 
activity.  Tne  approximate  examination  and  the  quantitative  indices, 
which  ensure  acceptable  conditions  for  a crew,  will  be  presented  in 
the  following  paragraph. 


I 


15.2.  Rapid  yawing  motion. 


DOC 


7 1>  2 0 1 3Jb 


PACE 


#>«7 


The  separation  or  the  longitudinal  disturbed  motion  to  rapia  and 
slow  made  it  possible  significantly  to  simplify  its  investigation, 
since  it  came  to  the  analysis  of  second  order  equation.  Therefore  the 
investigation  of  the  possibility  of  this  separation  of  yawing  motions 
is  cf  doubtless  practical  interest-  However,  the  lateral  disturbed 
motion  is  more  complex  than  longitudinal:  here  occur  the  cross 
couplings  between  rotary  motions  with  the  simultaneous  effect  on  them 
of  forward  motion;  therefore  during  the  separation  of  the  lateral 
disturbed  motion,  is  required  another  approach.  Rapid  yawing  motions 
it  is  possible  to  separate,  on  the  strength  of  the  following  special 
feature/peculiarities  of  the  disturbed  motion: 


- the  at  first  disturbed  motion  it  is  possible  to  consider 
rectilinear,  i.e.,  R^O.  in  view  of  the  fact  that  the  spiral  motion, 
connected  with  the  motion  of  the  center  of  mass,  flow/lasts  slowly; 

- at  low  angles  of  attack  and,  therefore,  low  pitch  angles  .1  the 

products  of  o)vtgd,  <0*0  can  be  disregarded  as  small  second-order 

quant  it ies ; 
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- by  spiral  t orgue/raoment t,  the  especially  spiral  yawing  moment, 
in  the  first  approximation,  can  be  disregarded  in  view  of  their 
snail  ness. 


When  making  these  assumptions  from  the  equations  of  lateral 
disturbed  motion  (8.14)  we  obtain  the  system  of  equations,  which 
describes  the  rapid  yawing  motions  of  the  aircraft: 


d a? 


At 

bnt# 


■“#  = 0, 


dt 


bnmx=b 


20* 


dltiy 


dt 


bt.*u=blc,  — <“,4 


dt 


.0. 


(15.5) 


I 


Page  2b 4. 
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We  examine  this  motion  under  the  conditions 


AP(0)  = ?#:  «^,=  o)M=0  AYo  = 0; 

b}o~bto~  0. 


Alter  eliminating  with  the  aid  of  the  first  and  third 
of  system  (15.5)  of  “»•  we  will  obtain  equation  relative 


dfl  **  dt 


f"  h»i& 


= 0. 


equation 
to  angle 


(15.6) 
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Its  chat acter ist ic  equation 


b 2 

The  solution  to  this  equation  in  £ai>-JLL 

4 

two  complex  conjugate  roots: 


and  b31  > 0 ha 
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or  taking  into  acsoun*-  tho  values  of  b ^ (see  Table  8.  1) 


**  2 ly  - V J„  \ 2Jy  I 


(15.7) 


the  solution  to  equation  (15.6)  it.  is  possible  to  write  in  the 


’immA-y*'  COS(?.,  -fvj/), 


(15.8) 


where 


(IS.  9) 


Af  and  9?—  integration  constant,  determined  by  the  initial 

conditions. 

The  motion,  described  by  relationship  (15.8),  is  oscillatory 
■ otion  of  yawing  with  the  airplitude  of  Afe'^1  and  the  treguency  of 


It  aircraft  is  weather  c<»ck  stable  (Af£<0)  and  possesses  the 
damping  properties  of  (Afp'CO),.  then  the  oscillatory  motion  of  yawinj 
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rapidly  attenuates.  The  yreater  the  deyree  of  weathercock  stability, 
the  greater  the  oscillation  frequency.  With  an  increase  in  the 
dampiny  properties,  tne  osc il lat ion/vibrat ions  attenuate  faster. 


Paqe  285. 


by  substituting  the  value  p accordiny  to  expression  (15.8)  and 
btj  accordiny  to  Table  8.1  ir.  the  second  equation  of  system  (15.5) 
and  after  eliminating  fro™  it  tax  with  the  aid  of  tne  fourth 
equation,  we  will  obtain  the  lateral  equation  in  the  form 


J * 


lit  5 


/W”Jf  COS  (?,  4-  \;t). 

(it 


(15.  10) 


equation  (15.10)  heterogeneous.  Its  characteristic  equation  has 

roots 

£ 


Pi 
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■fhe  solution  to  equation  (15.10)  it  is  possible  to  write  in  the 

form 


Ay 


m"* 

-r  i 


-=C,-f  C,f 


4 CjC''f'cos('f,4-\>(). 


(15.11) 


constants  C,  and  c2  are  located  from  the  initial  conditions, 

but  constant  Cj*  q>Ti  - by  the  substitution  of  solution  (15.11)  into 

A 

equation  (15.10).  From  the  analysis  of  a chanqe  in  the  parameters  of 
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the  roll,  it  tollows  that  it  is  compose.]  of  aperiodic  and  oscillatory 
motions.  Aperiodic  motion  (motion  of  roll  dampinq)  rapidly  it 
attenuates  because  of  the  damping  properties  ot  aircraft, 
characterized  by  tne  condition 


■''/CO- 


As  criteria,  which  characterize  oscillatory  motions,  can  be 
accepted;  the  time  of  an  amplitude  reduction  double,  the  number  of 
oscillat ion/vibrat i ons  down  to  the  virtually  complete  attenuation  of 
motions  and  the  number,  which  characterizes  the  relation  of  the 
maximum  amplitudes  ot  the  angular  rates  of  roll  and  yawing 
(rotation/revolution  relative  to  axle/axes  Cx,  and  Oy,).  It  is 
obvious,  the  time  of  an  amplitude  reduction  twice  it  win  be  equally 


a the  number  of  osci  1 la  1 1 on/vi  bra  1 1 ons  before  the  virtually  complete 
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- where  T is  an  oscillatory  period  of  oscillations. 

Page  28b. 

The  relation  of  the  maximum  amplitudes  of  the  angular  rates  of 
roll  and  yawing  is  defined  fro*  formulas  (15.8)  and  (15.10)  and  under 
the  initial  conditions  P(0) -Po,  g>xo“«*>“0  is  approximately  egual 

to: 
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practitioner  ot  the  operation  cf  aircraft  it  shows  that  for 
obtaining  the  acceptable  characteristics  of  rapid  yawing  motions 
n*>cessary  Satisfaction  ot  condition 


X<1  -r-2. 


as  was  noted  in  Chapter  X#  for  an  aircraft  with  swept  or  delta 
winy  is  characteristic  an  increase  in  the  deyree  ot  lateral  stability 
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with  an  increase  of  angle  of  attack,  which  leads  to  an  increase  in 
the  x in  flight  at  high  ancles  of  attack.  Especially  adverse 
oscillatory  motions  can  turn  out  to  be  tor  a supersonic  aircraft  in 
flight  at  high  altitudes.  In  this  case  as  a result  of  a decrease  in 
the  degree  of  weathercock  stability,  directional  damning  and  increase 
in  the  m'x  (because  the  flight  will  occur  at  high  angles  of  attack) 
substantially  it  will  increase  x.  An  improvement  in  the 
characteristics  of  oscillatory  motion  in  this  case  will  require  the 
appl i cat ion/use  of  automatic  devices,  which  nake  it  possible  to  raise 
directional  damping.  Such  devices  find  at  present  wide  application. 


15.3.  Slow  yawing  motion. 


The  slow  yawing  motion  in  essence  is  determined  by  the  forward 
motion  of  aircratt.  On  the  strength  of  the  large  duration  of  this 
motion,  rapid  yawing  motions  manage  to  completely  be  discontinued. 
TherefoLe  it  is  possible  to  approximately  consider  that  the  moment  of 
forces  relative  to  axle/axes  Oxt  and  Oy,  are  balanced,  but . t he 

</3 

angular  rate  of  rotation  of  velocity  vector  »0.  When  making 

at 

these  assumptions  of  equation  (b.14)  takes  the  form  himself 
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+*1*®»  f *i«*Y=“*l». 

*b4'  +*22,ur  -\-b-a*v=l>w, 

^*»A?  + ^32<“x  F*33U1V=^3(l. 
d\l 


{ 15. 13) 


■Jn  the  case  of  the  slow  yawing  motion,  caused  by  the  effect  of 
the  momentum/im pulse/pulse  of  cross  wind. 


&!0“  6jO”&»»“0. 


Page  287.  The  emergence  ot 

connected  with  the  presence  ot 
torque/noaent  ot  the  cessation 


slow  movement  in  this  case  is 
the  resiiual  attitude  of  ym  at  the 
ot  tapi  motions.  Alter  eliminating 
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from  the  first  three  equations  of  system  (15.13)  ot  o»,  with  th*  aid 
of  the  fourth#  we  will  ot>t<ain 


*iiAfS-M*ii7>  + *i4MY=*,iY-. 

*MAP  + bnpL\  -f  *33>  = b3„ym. 


(15.14) 


The  characteristic  determinant  of  system  (15.14)  is  equal  to 


A 


*n  buP  + *n 

*ii  bttp 

*31  b$nP 


0 

*» 

*33 


= *«/>+  *1. 


where 


*0  “ *11*11*11  "l-  *11*11*11  *11*11*11  *U*«*M. 

*i  *ii  (*»*«  — *ii*»)' 
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floni  equation  A to  zero  we  find 


p= 

*o 


.Since  b0,  as  a rule,  value  positive  and  if 


^i«  (^m^u  bnbn)  > 0, 


(15. 15) 


■tftat  p is  value  negative,  i.e 


the  corresponding  motion  will  be 
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stable. 


Coefficient  b14  always  less  than  zero;  therefore  inequality 
(15.15)  can  be  written  thus: 

that  equivalent  to  inequality  (15.4)  under  the  assumption  3 = 0. 
Thus,  the  slow  yawinq  motion  of  aircraft,  called  spiral,  is  stable, 

if 


m y 


T>-^ 


(15.  16) 


we  examine  the  process  of  developinq  slow  yawinq  notion.  At  the 
torque/momen t of  the  cessation  of  rapid  yawing  motions,  the  aircraft 
turns  out  to  be  that  which  was  inclined  for  the  angle  of  y as  a 
result  is  disturbed  the  equilibrium  of  the  lateral  forces  and  appears 
■otion  to  the  side  of  bank.  The  developing  in  this  case  slip  to  the 
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side  ot  the  omitted  wing  will  become  the  reason  for  the  appearance  ot 
a static  moment  or  the  yawing,  which  turns  the  nose  of  aircraft  to 
the  side  of  the  built  up  wing-  The  rotation/revolution  relative  to 
axle/axis  Oyi  will  lead  to  the  appearance  of  a torque/m  one  n t.  ot 
directional  damping,  which  hinuers  this  motion,  and  the  spiral  momert 
cr  toll  of  whicn  attempts  to  increase  bank. 

Page  288.  If  the  degree  of  lateral  stability  is  low,  then  will 
develop  motion  with  the  building  up  roll  attitude  along  spiral 
trajectory.  In  the  case,  when  aircraft  possesses  sufficiently  large 
lateral  stability,  bank  will  be  in  the  course  of  time  is  removed; 
however,  aircraft  will  make  flight  with  certain  yaw  angle. 

The  relationship  between  the  transverse  and  weathercock 
stability  depends  on  flight  conditions-  For  an  aircraft  with 
sweptback  wing,  the  value  of  the  ratio  of  lateral  stability  to 
weather  cock  with  an  increase  in  the  angle  of  attack  increases. 
Therefore  at  high  angles  of  attack,  as  a rule,  this  aircraft,  is 
spirally  stable,  and  at  low  angles  of  attack  slew  movement  either  it 
attenuates  very  weakly  or  this  motion  unstacly. 
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^ 15.4.  Dynamic  characteristics  of  lateral  controllanil it y. 

Transient  functions  of  the  lateral  controlled  motion. 

During  the  deflection  of  the  orpr/controls  of  the  lateral 
control,  the  pilot  absorbs  first  of  all  the  basic  motion,  caused  by 
this  action:  - bank  absorbs  during  the  aileron  deflection  and  yawing 
- during  the  deflection  of  rudder. 

To  evaluate  the  reaction  of  aircraft  to  the  deflection  of  the 
organ/conttols  of  the  lateral  control,  it  suffices  to  examine 
transient  process,  i. e. , the  motion,  which  appears  during  the  step 
deflection  of  ailerons  or  rudder. 

The  transfer  motion,  caused  by  the  deflection  of  rudder.  The 
rapid  controlled  motion,  caused  by  the  deflection  of  rudder,  is 
described  by  system  (15.5)  with 
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?«-Yo*“Jro==^o=0,  6t0=_i_A8.=ftliiA8i( 
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then  system  (15.5)  it  will  be  written  in  the  form 


rf^3 

<// 


MP+“  + ^,=  6,hA8h, 
MP+-^+*»“V=*.kA*h. 

at 


d\-\ 

at 


(15.17) 


» 
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After  dividing  the  right  and  left  sides  of  equations  (15.17)  t0 
a constant  value  of  tne  A6n,  we  will  obtain  the  system  of  equations, 

in  which  as  independent  variables  will  figure  as  the  transient 
functions  of  form 


n-~it ■ n'~ 


± L 

iloM 


nm_ 


_ “x 

• .Al, 


fioai  the  third  ana  first  equations  of  system  (15.17)  we  will 
obtain  differential  equation 


dp 


t — bs„. 


solution  of  which  it  can  be  written  in  the  form 
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nt  (t)=  A,  f B?e^‘  sin  (\,t +?,). 


Here,  as  tms  follows  from  differential  equation, 
8?  and  <P?  - two  the  arbitrary  constants,  determine! 

condi tions. 


Substituting  the  initial  conditions  of  Po^co^^O 


(15.  18) 


A,  = ^,  and 

®31 

from  boundary 


in  expression 


(15.18),  we  will  obtain 


DOC  = 76201336  PAGE  «fW 

*f  we  differentiate  from  time  formula  (15.1b)  and  to  substitute 
into  the  obtained  expression  the  value  of  the  constant  of  then 

we  will  obtain  the  following  expression  for  transient  function  from 
the  angular  velocity  of  the  <•>„: 


2 2 

flmM)—  — — — - — --e***  sin  Xft. 

b3\  V3 


(15.  19) 


the  transient  function  on  the  angular  velocity  of  0)x  with  the 
known  dependence  of  fj  t(t)  is  determined  from  the  second  equation  of 
system  (15.17)  and  can  be  represented  in  the  form 


/7„x  (/) *=id.jr+  + D.yt'  sin  ( xft  + ?.x). 


(15.20) 


the  integration  of  dependence  (15.20)  in  time  interval  0f  t it 
will  make  it  possible  to  find  transient  function  from  roll  attitude: 
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P'  (*)  = A + sin  (v3/ +?l).  n 


(15.21) 


the  constants  of  A„x,  S„,x,  A„  B-,  and,  etc  it  is  possibl 

to  determine  from  formulas  (15.20)  and  (15.21),  on  the  strength  of 
boundary  conditions. 


From  the  analysis  of  expressions  (15.18)  - (15.21)  it  follows: 


1.  The  transient  function  on  slip  angle  is  identical  to 
transient  function  on  angle  of  attack  (14.23)  in  axial  motion. 
However,  the  transfer  motion  of  yawing  is  accompanied  by  more 
considerable  excess/throw/overshoots  on  angle  (Fig.  15.2). 
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Pig-  15.2.  Transient  functions  on  the  angle  and  angular  velocity 
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15.3.  Transient  function  on  the  angular  velocity  of 

(1)  - s. 

15.4.  Transient  function  on  roll  attitude. 


Key:  (1).  s. 
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2.  The  motion/  caused  by  the  step  deflection  of  rudder,  is 
composed  of  aperiodic  and  oscillatory  motions.  The  angular  rate  of 
roll  in  the  process  of  this  motion  reaches  the  potential  value  of 
outo*5)  -(Fig.  15.3). 


3.  The  taken  deflection  of  ruader  leads  to  a change  in  the  roll 
attitude  in  the  linear  time  dependence,  on  which  is  placed  the 
oscillatory/vibratory  change  in  the  roll  attitude,  attenuated  in  the 
course  of  time  (Fig.  15.4). 


The  transient  functions  in  the  case  of  the  step  deflection  of 
ailerons  if  the  angle  of  A&,  are  determined  from  system  of  equations 
(15.5),  also,  under  the  initial  conditions  of  (J0= g>,o=g>„o—  v'o=0. 

Page  291. 


In  this  system  as  a result  of  neglect  the  turning  up  torque/moment  of 
(M»*)  one  should  place  btj= 0;  hao-b^AA,-.— : — AA3.  This  means  that 

in  the  initial  peiiod  during  rapid  yawing  motion  there  is  no  motion 
of  yawing,  and  the  roil  as  it  follows  now  from  system  (15.5),  is 
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reduced  to  the  following  system  oi  equations: 


d*x 

dt 


-bMux=btt\l, 


d Al 
dt 


whence  we  find  the  transient  functions  of  the  toil: 


/7.  . = ( 1 — 

* * ®22 

/7T*3=  --t-(1  -*«*— «-'•')• 


..Thus,  -the -ste-pde'lrieC'tiOn'dt  ailerons  produces  the 


(15.22) 


( 15. 23) 


ap  or iod ic 
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rapidly  damped  roll#  in  process  ot  which  the  angular  Velocity  reaches 

the  establ  ish/insta  lied  value  of  <b^(co)= a^,  and  roll  attitude 

hi 

increases  proportional  to  time- 


It  follows,  however,  to  note  that  the  motion,  caused  by  the  step 
deflection  of  ailerons,  bears  more  complex  character,  than  this 
follows  l rom  expression  (15.22),  which  describes  motion  in  the 
initial  period  of  time.  Actually,  the  spiral  turning  up 
torque/moment,  created  by  the  ailerons  ct  tne  Al/ A®,,  directed  to 

the  side  of  wing  with  the  omitted  aileron,  produces  slip  for  opposite 
winy  and,  as  a consequence  of  this,  the  oscillatory  motion  of  yawing. 
This  same  contributes  the  spiral  turning  up  torque/moment,  caused  by 
vertical  tail  assembly. 

CHARACTERISTICS  of  lateral  controllability. 

The  dynamic  characteristics  ot  the  lateral  controlled  motion 
reflect  the  properties  of  transfer  motion,  shows  the  speed  of  the 
reaction  of  aircraft  to  the  governing  action*  
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As  it  was  noted,  the  .notion  of  yawing,  cau:;ed  by  the  deflection 
of  rudder,  is  analogous  with  the  axial  motion,  caused  by  the 
deflection  of  elevator-  Therefore  this  motion  also  is  characterized 
by  the  transit  time,  determined  by  formula  (14.10),  by  relative 
excess/throw/overshoot  on  slip  angle  etc. 


Page  2‘J2. 

/ 

However,  damping  the  motion  of  yawing  for  contemporary  aircraft 
is  substantially  less  than  damping  axial  motion.  Therefore  in  the 
process  of  the  transfer  motion  of  yawing,  are  possible  considerable 
excess/throw/overshoots  on  slip  angle.  This  especially  is  noticeable 
in  flight  at  high  altitudes.  In  this  case,  the  osci  11a t. ion /vib ra t i ons 
of  motion  are  perceived  in  the  form  of  sharp  alternating  changes  in 
the  transverse  acceleration,  which  impedes  precise  piloting,  it  makes 
the  conditions  of  comfort  worse  on  passenger  aircraft. 


'if.  "is  bygone  shown  above,  the  deflection  of  rudder  along  with 

the  motion  of  yawing  is  accompanied  by  the  roll,  which  bears  also  an 
oscillatory  nature  and  which  delays  behind  the  motion  of  yawing  along 
phase  to  the  angle,  close  to  n /2-  Therefore  when  evaluating  the 
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dynamic  characteristics  ot  the  iateral  controlled  motion,  it  is 
necessary  to  consider  criterion  (see  § 15. 2} 


I '•‘x  I max 

X ■ ■ " " • 

| &U  Imax 


In  the  ideal  case  neglecting  spiral  torque/nioments  the  aileron 
deflection  it  produces  the  isolated/insulated  roll,  which  bears 
aperiodic  character. 

f 

As  the  criterion  for  this  motion,  can  be  us^d  values 

<*»>  dpt 

rf“jr  ’ dux 
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Jr  the  evaluation  of  the  dynamic  properties  of  the  lateral 
controlled  motion  the  doubtless  interest  it  represents  the  analysis 
of  the  amplitude-phase  characteristics  of  the  controlled  motion,  for 
obtaining  which  rudder  and  aileron  they  deflect  according  to  harmonic 
law.  in  this  case  the  "walking"  of  aircraft  after  controls  is 
estimated  according  to  phase  displacement  between  the  output  values 
°£  (P.  Y.  o»*.  o>»)  and  the  input  effect  of  (63,  6M).  The  amplitude 

ratio  of  these  values  characterizes  the  control  effectiveness. 

During  the  execution  of  the  lateral  maneuver,  as  a rule,  is 
applied  the  coordinated  deflection  of  the  organ/controls  of  the 
lateral  control  (rudder  and  ailerons),  i.e.,  the  control  displacement 
it  is  conducted  according  to  the  law,  which  eliminates  the  appearance 
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of  a slip  angle.  Thus,  for  instance,  during  the  input/introduction  of 
aircraft  into  bank/turn  aiierous  are  deflected  according  to  the  law, 
necessary  foL  achievement  of  the  preset  angle  of  bank,  the  control  of 
direction  is  deflected  so  that  would  not  appear  slip.  It  is  obvious, 
the  law  of  deflection  of  rudder  it  depends  on  his  own  properties  of 
aircraft,  rudder-effectiveness  derivative,  pilot's  physiological  data 
(determined  by  tha  reaction  Cate  of  pilot  for  a change  in  the  slip 
angle),  and  also  from  the  law  oi  deflection  of  ailerons. 

Page  29  i. 


If  its  own  disturbed  motion  attenuates  weakly,  and  the  oscillatory 
period  of  oscillations  is  ccmmensu r ab le  with  the  delay  time  of  the 
reaction  of  pilot  for  a change  in  the  slip  angle,  then  the  execution 
of  the  coordirnted  motion  actually  becomes  impossible. 


PROBLEMS  FOB  REPETITION.  1.  Why  is  permissible  in 

flying  practice  small  spiral  divergence? 


2.  In  what  do  c>nsist  the  physical  prerequisite/premises  of  '•he 
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separation  of  yawing  notion  to  rapid  and  slow? 


J.  Why  for  a high-altitude  supersonic  aircraft  it  is  not  always 
possible  to  ensure  the  stability  of  the  yawing  notion  only  by 
aerodynamic  means? 


4.  In  what  the  sense  of  the  coordinated  deflection  of  th"* 
organ/contt ols  of  the  lateral  aircraft  control  during  the  execution 
of  the  lateral  maneuver? 


Page  294.  chapter  XVI 


SPECIAL  FEATUHE/i^ClWrftA>dtIiid^>  OF 


rtefc©T  flTg 


FLIGHT  A* 


HIGH 


angles  of  attack. 


f 16.1.  Interaction  ot 

aircraft. 


the  longitudinal  and  yawing  motions  of 
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ot  real  aircraft  there  does  not  exist  the  isolated/in sula tod 
from  each  other  longitudinal  and  yawing  motions.  Usually  these 
motions  compose  the  single  disturbed  motion;  however,  the 
ex pansion/decomposit ion  (analysis)  of  this  motion  to  longitudinal  and 
lateral  (chapter  Vlll)  simplifies  the  recording  of  equations  and 
their  solution. 


The  expansion/decomposition  of  the  motion  of  aircraft  to  lateral 
and  longitudinal  is  possible  only  under  the  completely  certain 
conditions  which  are  satisfied  on  the  majority  cf  the  flight 
conditions  of  contemporary  passenger  and  transport  aircraft  (subsonic 
and  transonic  layouts).  However,  in  flight  at  high  angles  of  attack 
and  in  flight  at  supersonic  speeds  the  longitudinal  and  yawing 
motions  are  so  interconnected  that  from  the  separate  analysis  is 


% 


impossible.  "The  factors,  responsible  for  the  communication/connection 
between  the  longitudinal  and  yawing  motions,  are  called  usually  cross 
couplings. 


Such  factors  include  cross  aerodynamic  ana  inertial  couplings, 
the  elastic  deformations  of  aircraft  components  etc. 
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Cross  aerodynamic  communication/connections  are  caused  by  the 
dependence  of  the  long  itudi  na  1 forces  and  t orque/.noments  on  the 
kinematic  parameters  of  yawing  motion  and,  in  turn,  by  the  dependence 
of  the  lateral  torces  and  t org  ue/tnoments  on  the  kinematic  parameters 

of  axial  motion. 

For  example  with  slip  aerodynamic  lift  of  aircraft,  changes  not 
only  as  a result  of  a change  in  the  sweepback  of  left  and  right  half 
wings,  but  also  as  a result  of  a change  in  the  aerodynamic  wing-root 
interference  effect.  The  delaying  wing,  as  they  speak,  "is 
overshaded"  by  fuselage,  and  its  lift  can  noticeably  decrease  in  the 
case  of  low  wing  monoplane,  decreasing  the  aerodynamic  lift  of 
aircraft  as  a whole.  Furthermore,  with  slip  appears  supplementary 
lift  increment  at  fuselage. 
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Fig.  16.1.  Chauge  in  the  angles  of  attack  and  slip  during  the 
rotation/revoiutaon  of  aircraft  relative  to  the  longitudinal  axis. 
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Since  Hit  increments,  winch  appear  with  the  slip  of  aircraft, 
are  not  applied  at  the  longitudinal  focus  of  aircraft,  change  in  the 
lift  will  entail  a change  xn  the  pitching  moment. 


Cross  aerodynamic  communication/connections  appear  also  during 
the  rotat.  ion/re  volution  of  aircraft.  For  example  during  the 
rotation/revolution  of  aircraft  relative  to  axle/axis  Ox,  (Fig.  1b.  1) 
angle  of  attack  and  slip  angle  will  periodically  change.  If  the 
rotation/revolution  of  aircraft  is  caused  by  constant  roiling  moment, 
then  the  angular  velocity  of  <ox  will  undergo  alternations  under  the 
action  of  the  rolling  moment,  which  appears  with  slipping.  As  a 
result  of  a change  in  the  angle  of  attack  and  slip  angle,  will  appear 
stabilized  longitudinal  and  yawing  moments,  which  prevent  a change  in 
these  angles.  Furthermore,  the  stabilizing  moments,  creating  angular 
velocities  relative  to  axle/axes  Oy,  and  0z,»  change  the  position  of 
rotational  axis.  The  greater  the  longitudinal  stability  factor  on 
g-force  and  weather  cock  static  stability,  that  rotational  axis 
nearer  to  axle/axis  Ox  wind  coordinate  system  ard  lurther  from 
axle/axis  ox,  body-fixed  systen.- 


Longitudinal-beha vior  characteristics  have  an  insignificant 
effect  on  the  lateral  forces  and  torque/moments  under  cruising 
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conditions;  however,  at  high  angles  of  attack,  are  possible  different 
complications.  For  example  if  at  high  angles  of  attack  occurs 
boundar y-layer  separation,  then  the  transverse  damping  moment  can 
substantially  decrease  and  from  that  which  damp  be  converted  into 
that  which  rotate. 


The  emergence  of  inertia  cross  connections  is  caused  by 
inequality  to  zero  of  the  moments  of  inertia  of  aircraft  relative  to 
the  principal  axes  of  inertia  and  by  the  presence  of  the  gyroscopic 
torque/moments  of  the  rotating  parts  of  the  engine. 


Gyroscopic  tor que/inoment  appears  during  the  rotation/ re vo lut i on 
of  aircraft  relative  to  any  axle/axis,  not  parallel  to  the  axle/axis 
of  the  rotor  of  engine,  and  is  determined  by  relationship 

(16.1) 

“here  the  J9  and  ^ - moment  of  inertia  and  the  angular  rate  of 

rotation  of  the  rotor  of  the  motor  respectively;  Z are  the  angular 
rate  cf  rotation  of  aucratt. 
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Fig.  16.2.  Destabilizing  efiect  of  cross  inertial  moaonts 
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Usually  the  angle  of  the  engine  installation  of  gggg  is  small; 
therefore  vector  relationship  (16.1)  in  projections  on  the  axis  of 
body  coordinate  system  it  is  possible  tc  write  in  the  form 

A1V  r„p  ~ J pWpiOj,  Af,  r„p~^p‘VV 


from  relationship  (16.1)  it  follows  that  during  the 
rotation/revolution  of  aircraft  around  axle/axis  Oyt  aDpears  the 
pitching  moment,  and  during  rotation/revolution  in  the  plane  of  the 
symmetry  of  aircraft,  it  appears  path,  i.e.,  available  cross  inertial 

coupling. 

Even  greater  significance  for  contemporary  passenger  aircraft 
has  a presence  of  cross  inertial  couplings,  caused  by  the  weight 
layout  of  aircraft  (by  mass  distribution). 

Cross  inertial  moments  are  considered  by  those  equations  of 
systems  (1.19)  or  (1.23),  which  describe  the  rotation/revolution  of 
aircraft,  or  more  precisely  - by  tuose  terms  of  these  equations  which 
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are  egual  to  the  product  of  angular  velocities  and  a difference?  in 

i 

the  moments  ot  the  inertia: 


■^f.r  Hi  [J  l ~~  J u)  U'zWl,  < 

‘ ^ V MH  =(-^x  ~ i ) “jr*0*  ■ 


(16. 2) 


the  inertial  moments,  described  by  equalities  (lb. 2),  always 
they  are  destab  ill z ing . For  example  if  aircraft  rotates  around  the 
axle/axis,  passing  through  the  center  of  mass  of  aircraft  and 
parallel  to  velocity  vector  (Fig.  16.2),  then  the  centrifugal  toicr^,, 
which  appear  during  rotation/revolution,  act  in  such  a way  that  is 
created  the  tor gue/mome nt , which  attempts  to  increase  the  angle 
between  the  rotational  axis  and  axle/axis  ox, . Inertial  moments 
during  an  increase  in  the  angular  rate  of  rotation  can  become  more 
than  the  aerodynamic  righting  moments,  which  will  lead  to  the  loss  ot 
stability  of  aircraft.  If  inertial  moments  are  more  than  the 
aerodynamic  governing  t or gue/momen ts,  which  appear  during  the 
deflection  of  aerodynamic  controllers,  then  aircraft  will  be 


uncon  trolled 
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For  the  aircraft  of  the  typical  subsonic  layouts,  for  example, 
of  the  aircraft  of  fortieth  years,  inertia  cross  torgue/mom^nts 
become  dangerous  only  at  the  very  high  angular  velocities,  virtually 
not  attainable  in  flight. 


Page  297. 


However,  for  the  contemporary  aircraft,  which  have  a large  "mass 
distribution  of"  along  fuselage,  the  characterist ica lly  significant 
increase  in  the  inertia  cross  couplings,  caused  by  the  tact  that  the 
loients  of  inertia  of  j and  7,  of  such  aircraft  nanv  times  are 

more  the  moment  of  inertia  of  ]t.  . The  relations  of  the  moments  of 
inertia  of  jj]x  and  JJJX  comprise  for  subsonic  aircraft  2-4,  for 
transonic  aircratt  5-6,  but  for  supersonic  - 15  and  more. 


Of  tae  passenger  aircratt,  which  have  cruising  speeds,  which  do 
not  exceed  the  speed  of  sound,  the  cross  couplings  can  noticeably 
affect  flight  only  during  the  execution  of  the  very  energetic 
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maneuvers,  not  provided  by  the  rules  of  flight  operations  for  ’•his 
class  of  aircraft.  With  cross  couplings  it  is  necessary  to  be  counted 
in  flight  at  high  angles  of  attack.  The  special  f eature/peculi arit ies 
of  h igh-ang le-of- a t tac k flight  are  connected  with  the  tact  that  the 
emergence  of  separation  mode/condit ions  during  wing  can  lead  to  an 
abrupt  change  of  the  aeLody naniic  characteristics  of  aircraft, 
including  its  stability  characteristics,  controllability  and  damping 
properties. 


^ 16.2.  Special  feature/peculiarities  of  aerodynamics  of  aircraft 
during  high-angle-of-attack  flight. 


Angies  of  attack  in  flight  are  regulated  by  the  rules  of  flight 
operations;  therefore  the  output/yield  of  aircraft  to  high  angles  of 
attack,  close  to  critical,  but  the  facts  more  to  angles  of  attack 
beyond  stalling  is  feasible  only  as  unpremeditated,  caused  by 
unforeseen  circumstances,  by  such,  as  incidence/impingement  of 
aircraft  into  the  ascending  gust  of  air,  into  wake  in  front  of  the 
flying  aircraft,  in  blast  wave,  failure  of  speed  indicator,  with 
emergency  (for  example  the  failure  of  engine*  the  control  failure)  , 
with  intense  icing  etc.  The  aerodynamic  wing  characteristics  and 
aircraft  as  a whole  at  high  angles  of  attack  sharply  differ  from 
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derod yna mic  characteristics  i rt  operating  conditions. 


On  leaving  to  high  angles  of  attack  on  suction  side  of  wing, 
occurs  the  bou ndar y-1 a y or  separation-  D cu nd ar y- la yer  separation 
appears  in  that  part  of  the  wing  on  the  spread/scope  where  the  lift 
coefficient  of  cross  section  lias  the  greatest  value.  Of 
di  rec  t/st  r a lg  ht  and  tapered  wings  with  low  contraction,  the  oreakaway 
appears  in  toot  :toss  sections,  while  of  tapered  wings  with  large 
contraction  and  of  swept  it  appears  in  end  cross  sections  *. 


FOOTNOTE  1 . This  phenomenon  minutely  is  examined  in  the  course  of 
aerodynamics.  KNDFOOTNOTE. 


As  a result  of  even  small  asymmetry  in  the  development  of  breakaway 
on  sweptback  vir.g,  can  arise  the  considerable  in  value  tor  gue/  none  nt , 
which  leads  to  the  ban*  of  aircraft  (wing  heaviness).  An  increase  in 
the  wing  dracJ  in  the  breakaway  zone  of  boundary  layer  leads  to  the 
appearance  of  the  yawing  moment. 
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Fig.  16. 3.  Mutual  effect  of  airflow  in  cross  sections  with  the 
separation  and  nonseparated  flow  of  straight  wing  (a)  and  swept  (h) : 
1 - the  d i agr arn/cu r vo  of  the  distribution  of  pressure  coefficient;  2 
- the  diagraa/curve  of  rate  of  flow  in  spread/scope  within  the  limit 
of  boundary  layer. 
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The  behavior  of  aircratt  with  a further  increase  in  the  angle  of 
attack  in  many  respects  depends  on  the  speed  of  the  development  of 
flow  separation  on  the  wingspan.  It  can  seem  that  the  stra ight-wirg 
airplane  will  fall  off  on  a wing  more  energetic  than  with  swept, 
because  separation  the  ioode/conditions  of  flow  faster  is  developed  on 
spread/scope  of  straight  winy.  This  phenomenon  can  be  explained,  by 
analyzing  the  distribution  of  pressure  coefficient  chordwise  in 
different  wir.g  sections  (Fig.  16.3)  and  the  secondary  boundary-layer 
f low  . 


Ir  the  cross  sections  of  straight  wing  (Fig.  16.3a)  with  the 
developed  breakaway  the  evacuation/rarefaction  in  nose  decreases, 
while  in  feed  - it  increases,  which  leads  to  emergence  in  the  nose  of 
the  flow  of  breakaway  zone  to  the  zone  of  nonseparated  flow,  while  in 
feed  it  leads  to  the  emergence  of  reverse  flow.  This  character  of  the 
secondary  flow  accelerates  the  development  of  breakaway  along  the 
wingspan.  Breakaway  can  achieve  even  the  those  cross  sections  where 
the  lift  coefficient  is  still  small,  ot  sweptback  wing  the  zone  ot 
the  separation  mode/conditions  of  flow  noves  towards  the  incident 
flow  (Fig.  16. 3b),  which  retards  the  propagation  of  the  breakaway 
zone  ct  boundary  layer.  The  development  of  breakaway  zone  of 
sweptback  wing  along  spread/scope  occurs  much  more  slowly  than  of 
straight  line. 
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At  high  angles  of  attack,  change  the  longitudinal-behavior 
characteristics.  Boundary-layer  separation  leads  to  a decrease  in  the 
evac uat ion/rare  fact  ion  in  wing  leading  edge  and  to  an  increase  in  the 
evacu at lon/r aref act  ion  in  feed-  Therefore  of  straight  wing  appears 
the  negative  pitching  moment,  under  action  of  which  the  aircratt 
attempts  to  decrease  the  angle  of  attack  without  pilot's 
interference. 


As  a result  of  separation  of  flow  at  the  ends  of  sweptback  wing, 
pushed  forward  back/ago,  the  lift  decreases,  while  in  root  cross 
sections  it  still  continues  to  grow.  This  can  lead  to  the 

4 

center-of- pressure  travel  forward,  and  then  to  the  emergence  of  the 
pitching  torgue/moinen  t , which  increases  angle  of  attack.  The 
center-or- pressure  travel  forward  can  lead  to  loss  of  stability  on 
the  g-force  of  aircraft  with  sweptback  wing. 

At  high  angles  of  attack,  appears  the  prevent/warning  agitation 
of  wing  whose  emergence  is  explained  by  the  fact  that  the 
boundary-layer  separation  never  is  stationary. 
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Page  299.  Even  with  constants  the  angle  of  attack,  flight  speed  and 
other  kinematic  characteristics  the  beginning  of  breakaway  zone 
variably  oscillates  relative  to  certain  m id- posit  ion.  The  lift 
coefficient  of  cyTV,  which  corresponds  to  the  beginning  of  the 
agitation  of  straight  wing,  is  considerably  less  than  cv m*x-  The 

sweptback  wing  of  transonic  aircraft  possesses  more  intense 
agitation.  The  more  the  sweep  angle,  the  lesser  the  intensity  of  the 
prevent/warning  agitation,  and  the  value  of  cyr p approaches  cvm»\- 

The  prevent/warning  agitation  is  the  source  of  the  timely 
information  about  output/yield  to  high  angles  of  attack.  If  during 
the  wing  of  aircraft  the  prevent/warning  agitation  is  absent,  then 
are  applied  the  special  devices,  which  prevent/wdrn  pilot  about 
output/yield  to  nigh  angles  of  attack. 

The  appearance  of  a bank  for  wing  in  flight  with  high  angle  of 
attack  by  no  means  not  always  leads  to  emergency  situation.  Of 
straight-wing  airplane  in  this  case,  appears  the  negative  pitching 
moment  whose  action  is  controlled  in  the  lowering  of  the  "nose"  of 
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aircraft,  a decrease  in  the  angle  ot  attack  and  the  transition  ot 
aircraft  into  the  raode/cond itions  ot  steep  descent  with  an  increase 
in  the  velocity. 

If  appears  disruption/separation  at  the  ends  of  the  sweptback 
wing  of  aircraft,  then  with  Lank,  for  example  by  the  right  half  wing, 
and  the  grow/rising  angle  ot  attack  under  the  action  ot  tne  pitching 
torque/moment  lift  will  not  be  parallel  to  the  weight  ot  aircraft  - 
it  appears  slip  for  the  right  halt  wing.  The  side  component  ot 
velocity  with  slip  eliminates  disr upti on/se pa r a tion . Furthermore,  if 
aircraft  did  not  lose  lateral  stability,  then  with  slip  appears 
stabilizing  moment  - Dank  begins  to  decrease.  this  case  now 
already  on  left,  that  is  omitted,  half  wing  it  can  arise  the 
separation  of  boundary  layer-  Further  all  phenomena  are  repeated. 


During  the  rapid  development  of  disruption/separation  at  high 
initial  angular  rates  of  rotation  aircraft,  after  losing  stability  on 
g-force  and  falling  oif  on  a wing,  continues  the  initial 
rotation/revolution.  The  ability  of  aircraft  to  enter  under  specific 
conditions  in  the  mode/conditions  of  the  stable  rotation/re vol ution 
of  relatively  certain  axle/axis  is  connected  with  the  special 
property  of  wing,  named  by  autorotation  (autogyrat ion)  . 


I 


DOC  = 7b2 1 1 3 J6 


PACK 


ft 


dpb.3.  Antorotation  of  winy  at  high  angles  of  attack. 


Autorotation  as  property  of  wing  to  rotate  relative  to  certain 
axle/axis  during  the  flow  of  flow  about  it  at  high  angle  of  attack  in 
many  respects  depends  on  the  coefficients  of  the  normal  and 
tangential  components  of  aerodynamic  force,  on  the  angles  of  attack 
and  slip,  on  wing  planform. 


Let  us  assume  that  with  the  angle  of  attack  a to  aircraft  is 
interlocked  angular  velocity  U)  (by  the  deflection  of  ailerons  or 

A 

rudder).  In  this  case,  as  a result  of  a change  in  the  conditions  of 
flow  due  to  the  imposition  of  rotary  motion,  will  appear  the  spiral 
turning  up  torg ue/m omen t,  and  also,  therefore,  the  angular  velocity 
of  . If  and  u)y  they  have  opposite  signs  (Fig.  16.4a),  t hen 

the  instantaneous  axis,  which  coincides  with  the  angular  velocity  of 
•— -ill  be  turned  relative  to  the  longitudinal 
axis  clockwise  to  the  angle  AC,  determined  from  condition 


tgA«  = 
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Key:  (1).  Axis  of  r otat  xon/rHv0iut  ion. 

Ei<J.  16.5.  Aerodynamic  characteristics  of  straight  wing  at  high 
angles  of  attack. 
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. It  is  obvious,  if  and  cO ^ they  have  identical  signs, 

c] 

then  Ag  > 0 and  instantaneous  axis  will  t>e  expanded/scanned 
counterclockwise  (Fig.  16.4b).  Depending  on  the  arrangement  of 
instantaneous  axis  relative  to  axle/axis  Ox  wind  coordinate  system  in 
the  beginning  of  rotation/revolution  will  occur  the  slip  or  for  the 


heaving  wing  when  A <e  > a;  slip  will  no  with  - A£  = a.  For  a straight 

wing  at  angles  of  attack  below  stalling,  t.he  rotation/revolution 

relative  to  axle/axis  Oxj  causes  the  spiral  turning  up  t or que/momen t f 

in  sign  which  coincides  with  cd  . in  this  case  the  position  of 

A 

instantaneous  axis  corresponds  to  Fig.  16.4b.  In  angles  of  attack 
beyond  stalling  the  signs  of  (O  and  CDlf  opposite,  i.e. , the 
position  of  instantaneous  axis  corresponds  to  diagram  in  Fig.  16. 4a. 
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With  the  noncoincidence  of  instantaneous  axis  with  ob  f)x  wind 
coordinate  system  depending  on  the  degrees  of  transverse  and 
weathercock  stability  appear  are  the  stabilizincr  (preventing 
rotation/revolution  relative  to  axle/axis  Oxi)  or  destabilizing  (that 
facilitate  an  increase  in  the  rotational  speed)  static  aojpnts  of 
bank  and  ya«injs.  Besides  these  torque/mo ments#  appear  the 
torque/uiomen ts#  caused  by  the  rotation/revolution  of  aircraft,  which 
are  either  those  which  hinder  (damping),  or  rotating. 
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Fig.  16.6.  Diagram  for  determining  the  zones  of  the  autorotatiori 


a — damping;  b - autorotation;  c - the  concealed/latent 

autorotation. 
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During  the  agreement  of  instantaneous  axis  with  axle/axis  Ox  wind 
coordinate  system  the  static  moments  of  bank  and  yawing  are  absent. 


The  dependence  of  the  coefficient  of  the  normal  force  of  the 
straight  wing  of  C ^ ^ on  angle  of  attack  in  body  coordinate  sys 
(Fig.  16.5)  is  such,  that  at  angles  of  attack  beyond  stalling  the 


value  of  <Lf first  decreases  (zone  II),  and  then  again  grow/rises 

V 

(zone  III)  is  somewhat  slower  than  at  angles  of  attack  below  stalling 
(zone  I).  This  character  of  the  dependence  of  C^-^Ca.)  leads  to  tne 
fact  that  if  the  aircraft  for  any  reason  acquires  the  angular 
velocity  of  cO  x , then  depending  on  the  initial  angle  or  attack  and 
value  of  Cd^  to  aircraft  can  act  either  the  damping  or  rotating 
rolling  moment. 


As  a result  of  the  rotation/revolution  of  aircraft  around  the 
longitudinal  axis,  the  angle  of  attack  of  the  being  omitted  halt  wing 
increases,  and  the  angle  of  attack  of  the  heaving  half  wing  l“creasi’s 
(see  H 11.3)  it  is  proportional  to  angular  rate  of  rotation  (if 
is  small).  Depending  on  value  and  sign  of  the  rolling  moment,  caused 
by  a change  in  the  angles  of  attack,  it  is  possible  to  separate  three 
character ist ic  cases  in  the  behavior  of  aircraft,  each  of  which 
corresponds  to  the  determined  range  of  angles  of  attack. 
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1.  It  aircraft  obtained  rotation/revolution  at  injle  of  attack  3 
< a < <xun  (Fig.  16.6a)  , then  t lie  coefficient  of  the  normal  lorce  of 
the  being  omitted  half  wing  it.  higher  the  coefficient  of  the  normal 
force  of  the  heaving  half  wing  of  (c»i  on>c„i  Boa).  In  this  case 

appears  the  damping  moment,  which  impedes  rotation/revolution. 


page  302. 


2.  If  angle  of  attack  is  such,  that  the  regime  point  is  located 

on  the  being  omitted  segment  of  a curve  of  c f(ot)  (Fig-  16-61)# 

a ' 

then  even  with  the  very  low  value  of  the  initial  angular  rate  of 
rotation  of  C^x  the  coefficient  of  on  *s  *-ess  than  f rrcfl  * 

In  this  case  appears  the  directed  to  the  side  of  rotation/revolution 
torq ue/momen t , under  action  of  which  angular  velocity  increases  until 
the  coefficients  of  the  normal  force  of  the  right  and  left  half  wings 
are  equaled.  In  this  case  the  rotation/revolution  will  be  that  which 


was  establish/installing. 


Cy I on  ycr  — Cid  noa.  yen 


and  the  angles 


of  attack  being  omitted  or  and  heaving  the  ct  „ of  half 

on.s/a-r  vc-r 

wings  will  be  constant.  The  angular  velocity  of  the 
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est a b 1 ish/i nsta 11 od  autorotation  usually  is  determined 
experimentally.  To  different  angles  of  attack  will  correspond  the 
different  angular  velocities  steady  autorotation.  The  range  of  angles 
of  attack  with  which  the  least  initial  rota tiou/rovolut ion  is  the 
reason  for  the  emergence  of  the  rotating  torg ue/moment , is  cal  leu  the 
zone  of  au t o- rotation- 


3.  If  angles  or  attack  correspond  to  the  upward  leg  of  the 

depen  lence  of  f = $ (cx.)  ^ then,  at  first  glance,  the  autorotation  or 

aircraft  it  is  impossible.  However,  this  is  correct  only  for  th^  low 

initial  angular  velocities  of  cO^  — -f  Coc)»  With  ar.  increase  in  the 

rotational  speed,  the  point,  which  corresponds  to  the  angle  of  attacK 

of  the  heaving  half  wing,  falls  on  the  descenling  branch  and  car. 

arise  the  situation  during  which  (angular  velocity 

in  this  case  of  c 0xf).  It  we  now  increase  tne  rotational  speed, 

then  with  C,  Co  appears  the  torque/raonent  of  aut  iro*a  t ion . A 

yen  5/  nofl  r 

further  increase  in  the  rotational  speed  leads  to  the  fast  thjt  the 
angle  of  attack  of  the  heaving  wing  becomes  less  than  critical  and 
t pe ^ begins  to  rapidly  decrease,  while  ^ increases.  At 

certain  new  value  of  the  angular  velocity  of  cO  the  coefficients 

s\  _ 

of  the  normal  force  to  the  left  and  right  of  half-wing  again  are 

compared  (Fig.  1b.be). 
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Thus,  the  range  of  windmill  Drake  conditions  is  included  between 

two  values  of  the  angular  velocity  of  £cl  and  OJ  . The  range  ot 

x / x^x. 

angles  of  attack,  in  which  'ho  range  of  autorotation  is  limited  in 
value  ty  angular  velocity  on  top  and  from  below,  is  called  t h » zone 
of  the  concealed/laterit  autorotation.  If  for  each  angle  of  attacl  of 
are  det.eLmined  the  angular  velocities  of  the  est^bl  ish/ins  tailed 
autorotation,  then  it  is  possible  to  construct  th"  graph/fl  iagr  an  of 
the  dependence  of  CO  - 4Y  cc)  (Fig  . 1 ■>.  7)  , called  t he  cha  cast  eristic 

r' 

autor otat ion.  by  dotted  line  aie  shown  the  mode/conditions  of 
unstable  a ut  orot  1 1 ion.  Usually  of  two  possible  anqular  velocities  in 
practice,  is  realized  large, 


Gieat  eftect  on  -he  characteristics  of  autorotation  exerts  slip. 
Usually  slip  foL  the  leing  emitted  half  wing  is  called  internal#  and 
on  heaving  - external.  This  terminology  is  explained  by  the  fact  that 
in  free-air  conditions  the  aircraft  usually  is  run  up/turned  to  the 
side  of  tne  being  omitted  half  win]  which  seemingly  had  been  located 
within  the  arc  of  trajectory,  described  by  the  center  of  mass  of 
aircraft.  With  slip  the  breakaway  zones  are  displace!  to  the  side  of 
the  delaying  halt  wing.  For  this  reason  with  slip  of  stable  in 
transverse  relation  aircraft,  is  created  the  supplementary  moment  of 
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coll  which  with  external  slip  increases,  and  with  internal  it 
decreases  the  angular  rate  ot  rotation  (Fig.  16.7). 


Fig.  16.7.  The  characteristics  of  the  autorotation  of  the  straight 
wing:  1 - slips  no;  2.  external  slip;  3 - internal  slip. 

Fig.  1b. d.  Aerodynamic  characteristics  of  sweptback  wing  at  high 
angles  of  attack. 
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The  slip  is  the  powerful  means  for  a change  in  the  characteristics  oi 
the  autorotation  of  wing. 


Now  we  will  consider  the  special  f ea t u re/pecu 1 iar i ty  of  the 
autor otat.ion  of  the  sweptback  winy,  which  differs  from  straight  line 
both  by  the  aerodynamic  characteristics  and  the  different  yaw  effect 
on  these  characteristics. 


In  swept  winy  dependence  curves  of  a ■ .-£(cc)  and  C = £ (ct) 

dr  d 

(Fig.  1 b. 8)  are  ace  smoother  than  of  straight  line,  "aximum  in  the 
curve  of  is  expressed  ill-defined;  therefore  at  the  small 

d ' 

initial  angular  velocity  of  60^  the  difference  between  the 
coefficients  of  the  normal  force  being  emitted  and  heaving  of  wings 
is  low  or  virtually  even  is  egual  to  zero,  and  the  zona  of 
autorotation  is  comparatively  small  (Fig.  1b. 9).  Autorotation  turns 
out  to  be  weak,  and  in  certain  range  of  angles  of  attack  beyond 
stalling,  generally  it  is  absent- 


With  slip  the  zone  of  autorotation  substantially  changes.  With 
the  small  initial  slip  of  aircraft  at  different  angles  of  a^-tacx,  can 
change  both  value  angular  rate  of  rotation/revolution  ani  its 
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direction.  So  complex  a character  of  the  behavior  of  sw^ptback  wu.  j 
is  explained  by  the  Combined  effect  of  the  ab^le  of  attick  and  slip 
angle  on  the  position  of  the  breakaway  zones  ot  boundary  layer  >. 


FOOTNOTE  l.  N . G.  Kotik.  The  critical  lehaviors  of  supersonic 
aircraft.  ff.  , ” macn  ine-  bui  1 ding”*  1 >e>  7 . ENppOOTWOTfc. 


3ou.ndar  y-1  ay  er  separation  appears  during  the  delaying  half  w i r.  j 
(Fig.  16.10),  which  accelerates  r ot  a t ion/re  vo  lut  i on  to  *he  .i1<  of 
this  half  winy.  Then  the  breakaway  appears  during  the  halt  wing, 
pushed  lorward  forward,  whereupon  the  development  of  breakaway  zon< 
anticipate/leads  similar  process  during  the  delaying  halt  winj. 
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Fij.  1b. 4.  The  cnacacterist ics  of  the  autorotation  of  the  sweptback 

wing: 


-raid'', 

1 - slips  no;  2.  external  slip,  ft  = 0.  1 ).<>■  i^la45  3.  external 

r<zd , 

slip,  p - w/b 


Fig.  1b. 10.  Yaw 


swept  back  tan;: 

raid ; 


effect  on  the  position  ol  the  breakaway  zones  of 

rad.  a -rad ; 

I - at  = 0.2  i 8 n 1 fBift—  II  - a = 0.3  i ~ ) 1 III  - 

rad. 

- <x  = O.S  i-w  to  V -«  = 0.8  rad. 


t he 

a - 
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Rotation/revolution  decelerates,  ceases  and  finally  when  whole  pushed 
forward  forward  half  wing  is  enveloped  by  breakaway,  ani  into  parts 
of  the  delaying  half  wing,  still  is  retained  certain  range  of 
nonseparated  flow,  it  beqins  in  the  other  direction.  In  Fiq.  16.9 
contrarotation  is  reflected  by  part  of  the  curve  2,  arrange/located 
the  below  center  of  abscissas.  With  a further  increase  in  the  angles 
of  attack,  the  boundary-layer  separation  seizes  entire  wing  surface; 
therefore  as  a result  of  slip  rolling  moment  is  directed  to  the  side 
of  the  remaining  wing  and  reduces  the  initial  direction  of  rotation. 
At  the  wide  angles  (is  curved  3 in  Fig.  16.9)  of  the  direction  of 
rotation/revolution,  it  can  be  constant/invariable. 


Thus,  the  characteristics  of  the  auto-rotation  of  swpp+back  winq 
differ  significantly  from  the  characteristics  of  the  autorotation  of 
straight  wing  and  to  larger  degree  depend  on  the  combination  of  the 
angles  of  attack  and  slip.  The  autorotation  of  sweptback  wing  unlike 
straight  line  with  slip  can  be  initiated  at  angle  of  attack, 
considerably  less  critical  (with  the  slip  of  wing  critical  angle  of 
attack  can  decrease  by  20-  30  o/o  from  the  initial). 

The  behavior  of  aircraft  at  high  angles  of  attack  is 


considerably  more  complex  than  the  isolated/insulated  “mg,  which  is 
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explained,  in  the  first  place,  by  the  mutual  effect  of  aircraft 
components;  in  the  second  place,  fact  that  during  the  free  flight  of 
the  evolution  of  aircraft  more  complex  and  richer  the  the  transverse 
rotation/revolution  of  wing  in  the  working  section  of  wind  tunnel. 

Page  30i. 

§16.4.  Corkscrew/s  fin  of  aircraft. 

The  ability  of  wing  to  autorotation  is  the  basic  reason  for  the 
corkscrew/spin  of  aircraft.  Cotkscrew/spin  is  called  the  motion  of 
aircraft  along  steep  spiral,  which  appears  in  flight  in  angles  of 
attack  beyond  stalling,  which  is  accompanied  by  rotation/revolution 
around  all  thr^e  axle/axes  and  by  the  partial  or  total  loss  of 
stability.  The  danger  of  the  mcidence/iiupingement  of  aircraft  in*-o 
corkscrew/spin  entails  the  high  loss  of  height/altitude  from  the 
inlet  into  corkscrew/spin  before  leaving  from  it. 


Long  time  the  reasons  for  the  inlet  of  aircraft  into 


corkscrew/spin  remained  unknowns;  therefore  not  tales  were  mastered 
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and  the  methods  of  the  removal  of  aircraft  from  cor  kscrew/spin . The 
first  successful  atteiupt  at  the  intentional  inlet  into  corkscrew/spin 
is  bygone  is  undertaken  in  1916  by  Russian  pilot  K.  K.  Artseulov. 
However,  in  view  of  the  complexity  of  the  phenomena,  accompany 
corkscrew/spin,  the  flight  of  Artseulov  and  attempt  at  other  pilots 
could  not  give  the  solution  to  the  basic  problems,  connected  with 
recovery  and  its. prevention/warning. 


Only  at  the  end  of  OLfl's  the  years  of  Prof.  V.  s.  Pyshnov 
demonstrated  that  the  basic  reason  for  corkscrew/spin  is  the 
auto9yration  of  wing.  Theorefical  analysis  in  conjunction  with  the 
experimental  studies  of  corkscrew/spin  by  the  test  pilots  n.  M . 
Gromov,  v.  A-  Stepanchonk,  to  V.  p.  Chkalovs  et  al.  gave  possibility 
to  master  the  methods  of  the  aircraft  control  m cor kscr e« /spi n. 


The  corkscrew/spin  of  aircraft  begins  at  high  angles  of  attack 
with  the  subsequent  stalling  of  aircralt.  Of  stra ight-w ings  airplane, 
the  angle  of  attack  with  the  dumping  of  oc.^  differs  little  from 
critical  angle  of  attack,  whereupon  aircraft  usually  is  dumped  to 
nose.  Aircraft  with  sweptback  wing  can  fall  down  tor  wing  even  at 
angles  of  attack  less  than  critical,  if  separation  the 
■ode/conditions  of  flow  is  asymmetric,  which  is  possible  with  slip. 
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The  deflection  of  ailerons  and  rudder  they  can  lead  to  sharp  bank  and 
slip,  the  probability  °f  activation  of  dumping  for  aircraft  with 
sweptback  wing,  assimilated  for  supersonic  aircraft,  is  more  than  for 
the  aircraft  of  old  layouts.  This  is  connected  with  an  increase  in 
the  virtually  minimum  speed  due  to  the  grown  flight  altitudes  and 
large  specific  wmg  loads-  Under  these  conditions  the  compressibility 
of  medium  exerts  a substantial  influence  on  aerodynamic 
characteristics  and  with  the  minimum  flight  speed  of  oc.^ 
noticeably  decreases;  therefore  flight  is  made  with  the  angles  of 
attack,  close  to  cc^^. 


Furthermore,  one  should  consider  that  for  a high-speed  aircraft 
there  are  limitations  on  speed,  flight,  mach  number,  angles  of  attack, 
g-force  etc.  For  pilot  in  flight  it  is  necessary  to  work  large 
quantity  of  information  which  it  obtains  from  instruments  - its 
attention  is  scattered,  the  probability  of  error  in  the  piloting 
technique  increases. 


Page  306. 


The  stalling  of  aircraft  by  itself  still  not  means  the 


DOC 


7fi  21 1 3 J6 


PAGE 


unavoidable  inci  i ence/ impi  nqpiten  t of  aircraft  into  corkscrcw/s  pin.  If 
pilots  energetically  deflecting  elevator,  noses  down  of  aircraft  and 
thereby  will  decrease  the  angle  of  attack  with  a simultaneous 
increase  in  the  velocity,  then  aircraft  will  leave  to  the 
mode/conditions  of  re i uct  ion/descent  and  to  pilot  will  not  difficult 
return  to  horizontal  flight  conditions- 


Aircraft  falls  into  a spin  only  in  those  the  case,  if  it  was  not 
iapossible  to  avoid  activation  cf  autorotation-  During  the 
rotation/revolution  of  aircraft,  appear  the  inertial  moments.  The 
inertial  moment  of  pitch  leads  gradually  to  an  increase  in  the  angle 
of  attack.  In  the  course  of  time,  can  begin  the  equilibrium  of 
aerodynamic  and  inertial  moments,  aerodynamic  and  mass  forces,  which 
testifies  to  the  steady-state  mode  of  corkscrew/spin. 


In  steady  spin  the  aircraft  will  move  over  vertical  spiral. 


Is  distinguished  stable  and  unstable  corkscrew/spin.  For  Mie 
unstable  corkscrew/spin,  observed  virtually  only  in  high  altitudes, 
the  characteristically  considerable  change  of  the  angles  of  attack, 
bank,  pitch  and  slip,  and  also  angular  velocities  both  along  the 
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value  and  along  sign-  Aircraft  can  invert  of  rotation  in 
corkscrew/spiu,  pass  from  normal  corkscrew/spin  into  inverted  ("  on 
spin”).  The  character  of  oscillations  can  be  that  which  build  up,  or 

in  the  form  of  play. 


In  the  stable  col  kscrev/spin  of  direction,  the 
rotat  ion/revoiutions  in  and  do  not  change,  although  the 

values  of  angular  velocities  can  be  variables.  When  angular  rates  of 
rotation  are  virtually  constants,  stable  cotkscrew/spin  can  in  *-he 
course  of  time  pass  into  that  whicn  was  establish/installing. 

Upon  the  inlet  of  aircraft  into  corkscrew/spin  from  level  flight 
entire  process  from  the  inlet  of  aircraft  into  corkscra */s pi n to 
return  toward  level  flight  can  be  divided  into  a series  of  the 
stages,  shown  in  Fig.  16-  11.  on  transfer  section  the  corkscrew/spi n 
is  usually  stanle,  but  being  unsteady.  At  the  end  of  the  transfer 
section,  the  spin  axis  is  virtually  vertical.  The  transfer  section  of 
supersonic  aircraft  turns  out  to  be  so  extended  that  the  pilot 
■anages  to  derive  aircraft  from  corkscrew/spi n prior  to  the  beginning 
of  its  vertical  section. 
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Vertical  corkscrew/spi n is  observed  in  essence  of  subsonic 
aircraft,  whereupon  within  the  limits  of  vertical  section  is  feasiDle 
steady  spin.  Since  this  is  the  simplest  mode/conditions  of 
corkscrew/sp in,  it  possible,  although  sufficiently  approximately,  to 
describe  theoretically,  which  makes  it  possible  to  perform  highly 
useful  analysis  and  on  its  base  to  manufacture  recommendations  pilot 
about  recovery.  During  the  analysis  of  the  vertical  steady  spin,  they 
assume  that  the  engine  thrust  is  e^ual  to  zero,  the  density  of  air 
with  a change  in  altitude  is  constant,  and  total  aerodynamic  force  R 
lie/rests  at  the  plane  of  symmetry. 
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Fig.  1b. 1 1 . stages  of  accomplishing 

1 - levt‘1  flight;  2 - transfer  sect 
h - the  section  ot  ♦hr>  cessation  o' 

pullout. 
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After  designating  the  angle  between  the  vertical  line  aril  axle/axi 
0«,  by  «,  but  the  angular  rate  of  rotation  of  aircraft  relative  to 
the  vertical  axle/axi. s of  through  u (t'ig.  16.12),  for  the  pr  o j oc  t i 
of  angulai  velocity  on  coordinate  axes  we  will  obtain 


(i)J,  = u)  sin  ip, 
«>x  = — (u  cos 
u>J=0. 


(16.3) 


. In  vertical  corkscrew/spin  the  trajectory  of  the  motion  of 

center  of  trass  is  close  to  vertical  line,  therefore  it  is  possible 
rely  * a.  The  trimmed  conditions  of  aerodynamic  and  inertial 
moments  taking  into  account  relationships  (16.2)  can  bo  written  in 

Af,=0,  M,*=(Jy-Jx)i w 


ons 


h he 

t o 


the  f or  m 
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- By  utilizing  for  and 

obtain 


of  expression 


(lb.  i)  , 


we  will 


— — Jy)  y-  sin  2a. 


(16.4) 


In  steady  spin  the  longitudinal  aerodynamic  couple  must  be 


equal  to  the  longitudinal  inertial  moment. 
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Page  308. 


The  equations  of  forces  to  conveniently  write  in  cylindrical 
coordinate  system: 


R sin  a -**G, 
/?cosa  = mu>*r, 


(16.5) 


where  r is  a distance  of  the  center  of  mass  of  aircraft  of  spin  axis; 
R - the  total  aerodynamic  force,  directed  along  this  axle/axis,  since 
at  angles  of  attack  beyond  stalling  the  force  of  periphery  is  low. 

From  the  first  equation  of  system  (1b. 5)  it  is  possible  to 
determine  g-force  in  the  center  of  the  masses  of  the  aircraft: 


DOC  = 7621133b 


PAGE 


llx 


The  greater  the  angle  a,  the  lesser  the  g-force. 


■rad- 

With  a = 0.6-0. 8 in  ~g  1 a4~  (spinning  dive)  n = 

0.8-1  i« — gia -4-  (flat  corkscrew/spin)  n = 1.15-1.5; 
-raid. 

i (vertical  corkscrew/spin)  n = 1-1.15. 


1.5-2;  with  or  = 
with  a = 1-1.2  S 


After  introducing  the  coefficient  of  total  aerolyn  mic  force, 
from  the  first  equation  of  system  (16.5)  it  is  possible  to  find 
velocity  aircraft  during  motion  along  trajectory 


V 
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. In  the  first  approximation,  for  angles  of  attack 

stalling  it  is  possible  to  consider  that  c'/i"“C*awx.  Then 
account  relationship  (3.15),  *e  obtain 

v-vml.Vi. 


That  means  the  more  smoothly  the  corkscrew/spin. 


beyond 
taking  into 


(16.6) 


th»  closer 


the  velocity  is  to  min i mu m.  fly  the  term-by-term  division  of  the  first 
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equation  of  system  (l<S.b)  into  tho  second  it  is  possible  to  determine 
radius  of  spin; 


J 16.7) 


. Tho  time  of  accompl ishinq  one  turn  is  equal 

I 


then  the  loss  of  he i^h t/altitude  for  one  turn: 

H-Vt*-—-  23l^n  Vm„.  (16.8) 

M «• 
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. With  u-  1 rad/s,  n - 1 and  V • = 60-70  m/s  the  loss  of 

-rn  / n 

height/altitude  for  turn  will  le  on  order  400  m.  The  value  of  radius 
of  spin  can  be  evaluated,  after  relying  a = v/4;  we  will  obtain  r 

10  m.. 

Page  309. 

By  comparing  this  result  with  the  loss  of  height/alt it u ie  for  one 
turn,  let  us  arrive  at  the  conclusion  that  in  vertical  corkscrew/spin 
the  aircraft  moves  over  the  very  extended  spiral. 
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For  determining  angle  of  attach  a it  is  possible  to  use  equation 
(16.4),  left  side  of  which  is  the  longitudinal  inertial  moment. 


After  dividing  noth  parts  of  the  equation  to  <^Sb^  and  after 
introducing  dimensionless  quantities 


2v  ' * n0sbA 


where  the  6 * the  chord  of  wing  equivalent,  we  will  obtain 

rl 

equation  (16.4)  in  the  form 


— m,  =/,«>*  sin  2a. 


(16.9) 


. Here  right  side  can  be  named  the  coefficient  of  the  inertial 

■omen  t of  771 L The  dependences  of  the  values  of  moment 

coefficients  from  the  large  angle  of  attach  are  qiven  in  Fid.  16. •j 

and  16.8. 
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For  determining  the  coefficient  of  inertial  moment  depending  on 
angle  of  attack  it  is  possiLle  to  use  char act er ist ic  autogyration 
(see  Fig.  16.7),  taking  into  account  in  this  case,  that  value  u. 


which  enters  expression  (16.4),  is  determined  with  known  <x>/  and 

A 


CO  ^ from  condition 

9 


. The  graph/diagram  of  the  dependence  of  mIIW=f(a)  is 

shown  in  Fig.  16.13.  In  the  genera  1 casp  the  condition  - ryz-m 

2-  Z SI  H 

is  satisfied  at  two  points,  which  correspond  to  the  angles  of  attack 
<i|  and  of  or*  (poiht  K and  L)  - At  point  K,  the  moment  balance  is 
unstable,  since  during  the  probable  deviation  of  angle  of  attack  from 
®i  resulting  moment  will  stimulate  an  increase  in  this  deflection. 

In  order  to  derive  aircraft  from  corkscrew/spin,  it  is  necessary 
to  discontinue  the  autorotation  of  aircraft,  to  decrease  the  angle  of 
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attack  and  to  transfer  aircralt  to  the  modo/condit ions  of  the  dive 
from  which  after  an  increase  in  the  velocity  of  flight  aircraft  can 
be  transferred  into  horizontal  fliiht  condition.  Howaver,  can  arise 
this  situation,  when  even  the  complete  positive  displacement 
insufficiently  in  order  that  the  longitudinal  aerodynamic  couple 
would  exceed  in  value  the  longitudinal  inertial  moment. 

Frequently  for  a recovery,  it  is  necessary  to  preliminarily 
create  internal  slip.  In  this  case  as  a result  of  slip,  appears  the 
rolling  moment,  which  hinders  transverse  rota  t ion/revol  ut  i on*  the- 
longitudinal  inertial  moment  decreases  (Fig.  Ifa. lu)  arid  the  energetic 
deflection  of  elevator  will  be  sufficiently  for  the  lowering  of  the 
nose  of  aircraft  with  the  subsequent  transition  to  dive. 
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Piq«  16.13-  Diagram  for  determining  angle  of  attack  in  steady  spin 


Pig.  16.14.  yaw  effect  on  the  conditions  of  recovery; 


i - slips  no;  b is  internal  slip 
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To  stop  rotation/revolution  by  the  aileron  deflection  is  usually 
impossible,  and  sometimes  also  dangerously,  especially  for  subsonic 
aircraft.  At  hign  angles  of  attack,  the  ailerons  are  enveloped  by  the 
breakaway  zone  ot  boundary  layer;  therefore  they  are  ineffective  for 
the  creation  of  rolling  moment  and  affect  the  behavior  of  lircraft  in 
corkscrew/spin  in  essence  because  of  the  fact  that  the  different 
resistance  of  left  and  right  half  wings  during  the  aileron  deflection 
creates  the  torque/moment  of  the  M which  it  can  lead  to  internal 

<7 

or  external  slip.  Most  reliably  decelerates  rotation/revolution  by 
the  deflection  of  rudder  "against  corkscrew/spin"  for  the  creation  of 

internal  slip. 


Figure  16.15  shows  the  recommended  into  the  present  time  methods 
of  recovery.  The  first  method  is  applied  for  a recovery  from  unstable 
corkscrew/spin,  by  the  second  it  is  applied  from 

oscil latory/vibratory  corkscrew/spin,  the  third  it  is  applied  from 
stable  uniform  cotkscr ew/spin,  the  fourth  - from  very  stable 
flat/plane  cork  set e w/sp m . Pilot  itself  selects  the  approaching 
method  of  recovery  depending  or.  the  character  of  corkscrew /spi  n.  The 
application/ use  ot  stronger  methods,  especially  for  a supersonic 
aircraft,  can  lead  to  the  undesirable  phenomena  (more  nose  dive,  the 
transition  of  left  corkscrew/spin  to  the  right,  transition  ot 
"normal"  cor kscrew/spin  to  inverted  and,  etc). 


J 


The  oehavior  of  aircraft  with  the  inlet  into  corkscra  w/spin  anti 
output/yielii  from  it  is  studied  both  in  the  project  stage  or.  models 
and  in  flight  tests.  Best  will  be  the  aircraft  which  more  badly  falls 
into  a spin  and  easier  it  emerges.  Are  known  the  aircraft,  which  the 
corkscrew/spin  emerge  "themselves",  if  all  controls  ara 


establish/installed  into  free  position.  Recently  an  improvement  in 
the  airplane  spinning  characteristics  is  made  by  applying  automatic 
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Page  311.  Fig.  16.15.  Scheme  of  control  of  aircraft  on  leaving 
from  cork screw/spi n. 


Key:  (1).  method  (2).  Corksctew/spin  (3).  Spin  recovery  (4).  It 

(5)  . Conclusion  (6)  . It  is  neutral  (7)  . Ailerons.  (8)  . It  is  neu’i 
(^) • Vol.  s (10).  on  cor ksc re w/spi n (11).  Deflection  of  controls 
(12).  Against  corkscrew/spin.  Or.  corkscrew/spin. 


I' 


(fi-) 

UJmo.wp 

rl) 

3nepc«bi 


. <'/) 
t u *iemcd 

C3J 

-g  BuSoi  UJ  wmcncpa 

f&l 

Keumpa/ihMO 


. r/) 

2-u  ucmod 


€s.'o' 


' e 

u, 

i 


Hei/mpo/tbMtypi 

(/0) 

no  ujmonopy 


t ce* 

<v 


<5 . 

§ 

*0 


, (» 

J-u  utmod 


s 

C7) 

dntpoKbt 

1 C"? 

& flpowul  uimct'opz 

rfj 

H?umpn/ibH0 

i — r 

i CtK 

CfJ 

r/o) 

! PS  i 

Ho  mmonopq 

1 1 
1 1 
1 1 

• A 

U-u 

l 

lUtr.onop 


*v  ►g 

^ Tf>, 

>v  > l\’ 


PH , 


17] 
3nepo»b / 


Hedmpa/itfHj 

<n 


oi) 

nponuS  u/rPO'fCPd 

PpomuS  wr:nppi\( < ! J 


(«, z Mod 


t '■PS 


~ 77VJ 

no  uimonopy 


'll 


t c:* 

nj 


. ga  n 
■al 


DOC 


7b21  1 336 


P AGF 


•?£ 3 

PROBLEMS  FOR  REPETITION. 

1.  In  which  flight  conditions  of  t ne  longitudinal  and  yawing 
motion,  it  is  necessary  to  stuuy  together? 

2.  Which  reasons  produce  an  increase  in  the  so-called 
preventive/warning  agitation  of  aircraft  with  swept  wing?  3.  Why  in 
the  zone  of  the  concealed/latent  autorotation  stable  will  h° 
autorotation  with  larger  lateral  velocity?  4.  why  elevator  can  turn 
out  to  be  ineffective  for  a recovery  from  stall? 

ZDACA. 


Determine  is  the  projection  of  the  cross 
torque/moment  of  engine,  after  using  formula 
that  the  angle  of  sufficiently  large. 


g yroscopic 
( 16.  1)  on  the 


ass um pt.  ion 


All-up.*  “ J p^p"*  **n  T*i  i 
Mrwf  y “ J p“p “z  CO»  •*.  , 

Alnip.i  - 2p»p  (“,co»  f - *ln  t). 


Answer/respon  so 
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Page  312. 


Chapter  ^ XVII . 


CONCEPTS  ABOUT  THE  EFFECT  OF 
ON  /Otff  STABILITY  CHARACTERISTICS 


Cf>HS,  Iru-cbcJ 

FI.  ASTI  C.  D E FOR  FI  AT  IONS  #f 
>7 


•(4N ‘rTtHKLT-f 


AND  CONTROLLABILITY. 


§17.1.  Elastic  deformation 


Wing  divergence  and  tail  issembly 
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Aircraft  possesses  great  flexibility,  which  is  connected  with 
the  requirement  for  the  lightness/ease  of  construction.  Is  especially 
noticeable  flexibility  foL  the  passenger  and  other  heavy 
nonmaneuverable  aircraft,  the  safety  factor  of  which  is  considerably 
lower  than  of  the  maneuverable  light  aircraft. 


Under  certain  conditions  the  effect  of  the  elastic  deformations 
of  aircraft  components  on  its  characteristics  is  sufficient 
subst  ant ia 1 1 y . 


When  evaluating  many  dynamic  characteristics  of  elastic  aircraft 
are  used  guasi-static  deflections,  based  on  the  assumption  that 
changes  of  the  aerodynamic  loading  in  the  disturbed  motion  occur  so 
slowly  that  the  construction  during  entire  time  of  the  action 
perturbed  motion  is  found  in  static  equilibrium.  This  assumption  will 
not  lead  to  appreciable  errors,  if  the  frequencies  of  the  disturbed 
■otion  are  considerably  less  than  frequencies  of  the  elastic 
vibrations  of  construction. 
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When  the  difference  between  these  frequencies  is  low,  occurs  the 
considerable  mutual  effect  of  elastic  displacements  and  airplane 
disturbance.  In  this  case  problem  one  should  examine  taking  into 
account  dependence  of  elastic  deformations  from  time,  i.e.  , with  the 
use  of  dynamic  methods  of  analysis  1 . 


FOOTNOTE  1 • 1«  Ya-  C-  Fyn.  Introduction  to  the  theory  of 
aeroelasticit y,  N. , IL,  1959.  2.  R . L.  BiSplingoff,  Kh.  Ashley,  p.  l* 
Khalfmen.  / aeroelasticit  y.  fl.  , II.,  1958.  ENDFOCTNOTE. 


Here  will  be  given  only  the  qualitative  analysis  of  the 
particular  questions  of  aeroelasticity  conformably  to  the 
characteristics  of  stability  and  controllability  of  aircraft,  oased 
on  static  method;  in  this  case  are  made  the  following  assumptions: 


a)  is  valid  the  strip  hypothesis,  according  to  which  with  the 
strain  of  any  part  of  the  aircraft  the  configuration  of  its  cross 
section  does  not  change; 
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b)  are  negligible  the  strains  of  aircraft  components  of  the 


forces. 


I 
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Fi«j.  17.1.  Change  in  the  anyle  of  attack  of  wing  section  with 
twistirg  strain: 


1 - the  aeiodynanc  center  line  of  cross  section  at  subsonic  speeds; 

2 elastic  wing  axis;  3 line  of  cross-sectional  foci  at  supersonic 

speed  s. 


Pig.  17.2.  Change  in  the  anyle  of  attack  of  the  cross  section  of 
sweptback  winy  with  bending. 


/7.  /,  ./7  J2-. 
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Let  us  examine  tne  effect  of  strain  on  the  d istr ibut i on  of  the 
local  angles  of  attack  of  swept  back  wing.  Straight  wing  can  b'3 
consider ed  a special  case  swept.  Wuen  making  these  assumptions  wing 
can  be  simulated  by  elastic  beam  with  reinforcing  over  root  cross 
section.  Let  us  consider  that  the  elastic  axle/axis  of  beam  (line  of 
flexural  centers)  it  coincides  with  the  line  of  the  centers  of 
rigidity  of  cross  sections  (twist  centers  of  cross  sections). 


Both  the  twisting  strain  and  bending  strain  leads  to  a change  in 
the  local  angle  of  attack  of  sveptback  wing.  The  increase  in  the 
angle  of  attack,  caused  by  the  torsion  of  Act  , is  equal  to  the 
angle  of  torsion  (Fig.  17.1),  while  the  increase  in  the  Acc^^y.  , 
caused  by  bending,  it  is  determined  according  to  Fig.  17.2  by 
ex  pression 


— V tl>./  **"  tg  x ^ — ~~  tg  x. 

w V cos  X ** 


where  the  — of  jihedral  arm  sweep  in  this  cross  section. 


caused  by  bending; 
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v - the  sag.gi.nq/de  fleet  ion  of  elastic  axle/axis 


s is  a coordinate  of  cross  section  throughout  elastic  axle/axis. 


FOOTNOTE  ‘.  Sines  to  this  chapter  all  phenomena  are  examined  in  body 
coordinate  system,  index  "I"  is  everywhere  lowered.  BNDPootnotE. 

Thus,  the  change  of  the  angle  of  attack  in  cross  section  A-A, 
normal  tne  line  of  elastic  axle/axis,  is  determined  by  sum 


Aa.r  = Aa„pfAa„jr^9lv--2Ltgx.  (17.1) 

aS 


A change  of  the  angle  of  attack  in  the  cross  saction,  parallel 
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to  root  chord,  we  find  through  formula 


Aay«Aa0y -cos *=<?,,,  cos/ ^sin/.  (17.2) 


Specif ical 1 y , for  the  straight  wing 


of  Z)  cc  - ^ 


Let  us  assume  that  the  average  value  of  d change  in  t h^>  angle  of 

attack,  caused  by  elastic  deformations,  is  equal  to  an  increase  in 

the  angle  of  attack  in  wing  section  with  the  coordinate  of  z.^  » 

cp 

i.e«,  the  Aotycp  “Aay(zCp).  which  is  determined  by  the  bending 
moments  and  torsion,  which  act  in  this  cross  section,  and  by  value 
flexural  and  torsion  rigidity. 


cross 


Let  the  torsional  moment  relative  to  elastic  axle/axis  in  the 

section  of  z be  equal  /W_  .•  and  the  bendinq  moment  of 

C*p  * X Kp 


My  yf  ^ j-  • If  flight  est  ab  1 ish/inst  al  led  and  rectangular,  then  these 
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torque/aoments,  while  static  aerodynamic  couples,  depend  on  the  angle 
of  attack  of  cross  Section  and  at  low  angles  of  attack  can  be 
Expressed  by  formlas 

M.  up  =S  J1«0  Ml  ip  (o  "4"  A Gy), 

M x ,,r  = Aljc  nr  (o  -f-  idy). 


- If  the  flexural  rigidity  of  the  selected  cross  section  and 

torsion  is  characterized  by  the  coefficients  of  k k^  , then  the 
equilibrium  of  aerodynamic  and  elastic  torque/moments  in  this  cross 
section  is  determined  by  system  of  equations 


M „+AT,  «pG  rpAOy—  *=■(), 

M*  »,rAa  — kE  -^L  =0. 

1 £ 


(17. 3) 
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. By  utilizing  equality  (17.2)  and  after  solving  system  (17.3) 

relative  to  /let  we  “ill  obtain 
'J 


A a. 


kr.  (M*)  + M)  ,pa)  cot  % — kaM%x  Ksra  tin  x 
*0*£  - (V1;  up  «>*  t - *0M‘x  tin  1) 


(17.4) 


. The  aerodynamic  couples  of  M and  M are 

* /Tp  X M3  r 

to  velocity  head;  therefore  they  can  be  written  in  the 


pr  opor  t.  iona  1 
form 


A3  x H)r  “ AfJ  nr4' 
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Pig.  17.3.  Torque  of  wing  sections 
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As  it  follows  from  formula  (17.4),  with  an  increase  in  velocity 
head,  the  A<x  ^ grow/rises  <*nd  with  certain  j it  approaches  infinity. 


The  phenomenon  with  which  the  equilibrium  of  the  aerodynamic  and 
elastic  torque/moments,  which  act  on  wing,  unstably  and  any 
dist u rba nce/per tu r bat  ion  leads  to  the  boundless  increase  in  strains, 
is  called  wing  divergence,  and  the  corresponding  value  of  velocity 
head  - by  critical  velocity  head. 

From  formula  (17.4)  we  obtain 


kOkE 


cos  * *o^f»*r  *in  i 


(17.5) 


Derived  is  equal  to 

Af/«P  — \XMC  yS  , 
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where  the  AAr*  = .t„,  — xF — an  of  lift  relative  to  center  of 

rigidity  { F i cj . 17.3).  If  center  of  rigidity  is  arranged 

after  focus  (on  the  contemporary  aircraft  of  (0,35h~0,4)<>),  then 

torsion  produces  an  increase  in  the  angle  of  attack  and  divergence 
begins  when  the  elastic  t orque/woment  of  cross  section  on  ’■he 
strength  of  limitedness  does  not  balance  aerodynamic.  7n  supersoric 
velocities,  focus,  moving  back/ago,  it  can  prove  to  be  after  center 
of  rigidity.  In  this  case  the  twisting  strain  lowers  the  aerodynamic 
loading  of  cross  section  ana  divergence  there  will  not  ba  . 

In  the  latter  case  of  **  does  not  have  the  physical  sense  and 

is  the  convenient  calculated  parameter. 


It  is  obvious,  expression  (17.4)  with  the  aid  of  formula  (17.5) 


can  be  written  in  the  form 
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\*J  n r 


A«y 


Al,„  _ 

cos'/.  — — + ?,.ka 
*o 


(17.6) 


. The  determination  of  an  increase  in  the  angle  of  attack  of 

horizontal  tail  assembly  somewhat  becomes  complicated  by  the 
dependence  of  the  aerodynamic  force  of  horizontal  tail  issembly  on 
the  strain  of  wing  and  fuselage,  Under  the  action  of  the  aerodynamic 
force  of  horizontal  tail  assembly,  the  fuselage  is  transformed,  which 
leads  to  the  change  in  the  angle  of  setting  tail  assembly.  The  strain 
of  wing  produces  change  of  the  rake  angle  in  the  range  of  horizontal 
tail  assembly  and,  therefore,  a change  in  its  true  angle  of  attack. 


Pa  ge  116. 


The  increase  in  the  angle  of  attack  of  swept  horizontal  tail 
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assembly,  caused  it  by  elasticity  and  the  elasticity  of  fuselage,  can 
be  determined  in  the  form  of  sum 


Aa 


..r.0=?„.r.oCOSZr.0-^j^sinXr.04-A?»,  C H ■ 1 ) 


where  the  ?«p.r.o  and  ("i/s”)  ~ twisting  strain  and  the  relative 

strain  of  the  bending  of  horizontal  tail  assembly;  A o?  - the 
change  in  the  angle  of  setting  horizontal  tail  assembly,  caused  by 
the  bending  strain  of  fuselage. 


Let  MK%r.t 

.Ot  4 'Vr.  0—  bending  and  torsional  the  moments, 
which  act  in  the  cross  section  of  Vr.«:*£r.o.*or.«  tre 

stiffness  coefficients  of  this  cross  section  for  bending  and  torsion, 
but  the  stiffness  coefficient  cf  fuselage  to  bending. 


Then  the  equilibrium  of  the  elastic  and  aerodynamic  couples, 
which  act  on  tail  assembly,  taking  into  account  the  elisticity  ot 
fuselage  is  written  in  the  form  of  system  of  equations 
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A,«pr  o(°r..  + *aj .r. J~  kO  r.o?«p.r.o=0. 
Klr°r  Jar.o  + *<* r.o  (^)r  o~°* 

+ ^rV  (ar  o+  4",,..)  - + M1*  =0. 


(17.8) 


. Sign  "minus"  corresponds  to  the  tail  assembly,  jrrmqe/locateJ 

in  aft  fuselage  section,  positive  sign  - to  canard  configuration. 
Solution  of  system  (17.  8)  together  with  equation  (17.7)  gives  the 
change  in  the  angle  of  attack  of  horizontal  tail  assembly,  caused  by 
the  elasticity:  the 


Aa 


y.r.p" 


?,.r.oar.o 
1 ?i.r.o 


. 9r.o 
9a.  r.o 


(17.9) 
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where  ot  the  7a.ro — critical  velocity  heaa  of  the  divergence  of 

horizontal  tail  assembly; 


7«.r«: 


M'v 

/ *Kp T O 

*Or.<r 


■'0*  Xr.o- 


»<"  7.r.o  ± 


E r.o 


Ya<f 
‘ r.o 


*£<t> 


• If  i.e.,  fuselage  is  absolutely  rigid,  then  for  a 

wing  with  low  sweepback  or  with  the  low  rigidity  of  the  torsion  ot 
the  tail  assembly  of  7bj.o>0. 


With  the  tail  arrangement  of  tail  assembly  and  elastic  fuselage, 
as  a rule,  7a.r.«<0,  i.e.  the  divergence  ot  tail  assembly  is  absent. 
This  is  connected  with  the  predominant  effect  ot  the  strain  of 
fuselage,  which  leads  with  an  increase  in  velocity  head  to  a decrease 
in  the  angle  ot  attack  of  horizontal  tail  assembly. 
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For  the  aircraft,  executed  by  the  diagram  of 
with  posi^ve  oc  the  strain  of  fuselage  with  an 

I i U 

contributes  to  an  increase  in  the  angle  of  attack 
assembl y . 


7fl.no3, 

increase  of  g 
of  horizontal  tail 


£ 17.2.  Effect  of  elastic  deformations  to  the  stability 
characteristics  and  aircraft  handling. 


Effect  of  elasticity  on  the  stability  level  of  aircraft  on 
q— force.  The  coefficient  of  the  pitching  moment  of  aircraft  taking 
into  account  the  elastic  deformations  of  its  parts  can  be  written  ir. 

the  form  of  sum 


(A't—  (JCf + AJC/>j)]r„—  rVir.o.y 
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where  the 
caused  by 


.^x  - displacement 

F)i 

the  redistribution  of 


of  mean  aerodynamic  center  of  wing. 


c due  to  elastic  deformations; 

y c«  y 


X p ate  i dimensionless  coordinate  of  the  focus  of  aircraft 
without  horizontal  tail  assembly. 


The  increase  in  the  stability  level  from  y-force  is  determined 
according  to  coniition  (17.10)  for  formula 


-Vi  - - r ( (17.  II) 

OCy 


where  the 


m* « — respectively  the  degree  of  stability  for 
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the  overload  ol  elastic  and  absolutely  rigid  aircraft„ 


Hence  it  follows  that  a change  in  the  degree  of  stability  in 


overload  depends  on  the  displacement  of  the  focus,  caused  by  the 

y ,ov 

elasticity  of  wing  and  by  the  sign  of  the  derivative  of  — ■ 

OCy 

For  the  uuswept  wing  of  ^dx_  =■  C>  and  the  effect  of  elasticity  on 


d&Cy  r.o.y 

— . Disregarding  in 


is  determined  by  the  sign  of 

the  first  approximation,  the  effect  of  zero  moment  on  the  strain  of 

aircraft  components  and  counting  C0  % c. (wing),  we  obtain 

J <7  K P 


the  following  dependence  of  Ac 


%r-°) 


on 


V r 


0 


( 1 - f ) fa'r  °_~  « Cy\ 

e V * Ia.t.o  I — f*.r.< 


Thus: 


r.».y 

dcy 


-*/  r*  (!—•«)  1*.r. • — ' 

•J  1 It.T.O 


(17. 12) 
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The  displacement  of  the  focus  of  elastic  sweptback  wing  can  be 
determined  approximately  by  formula  >. 


y ’za)  2b  ^ 


(17.  13) 
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f’Aot; 


— — *<  . 

where  the  *e,>,  *i*=  — — are  dimensionless  coordinates  of  the 

selected  Ming  section  and  the  mean  aerodynamic  chord. 

FOOTNOTE  *.  L.  G.  Totiashvili.  Longitudinal  stability  and  the 
controllability  of  flight  vehicle.  RUGA,  Riga,  1*161.  EffO FOOTNOTE. 


For  an  aircraft  with  sweptback  by  flight  surface  the  picture 
somewhat  becomes  complicated  ir  view  of  a change  in  the  position  of 
the  mean  aerodynamic  center  of  wing  and  effect  of  flexural  strains  on 
an  increase  in  tha  angles  of  attack  of  flight  surface. 


Effect  of  elasticity  on  the  stability  level  of  aircraft  or. 
speed.  As  the  measure  of  the  stability  of  aircraft  for  speed  serves 

der  ivat  i ve 
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. Taking  into  account  (17.10)  and  disregarding,  as  this  war. 

c 

when  evaluating  m 3 , by  the  eftect  of  a change  in  the  />  due 

-LJ  -Z-C 

elastic  deformations,  after  simple  conversions  we  obtain 


+ 4r.A.„  ( 1 - e*)  r.„  _ 

**  (I  ?l.r.<>)2 


— 4 * W fl.r.o-6.1, 

^r.o  'r.o  . lu  — I . 


1 Qx.r.o 


Tiade 

to 


(17.14) 
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- Herp  £ y are  a derived  £ on  M#  which  is  equal  virtually 

to  zero  with  of  M<M  , less  than  zero  with  of  M > M . At 

the  supersonic  speeds  of  £ ^ it  is  possible  to  accept  eoual  to 


zero.  The  value  of 


a 7"  M , - 

Ax'r  j 


determined  by  formula  (17.13) 


becomes  zero,  if  A X _ is 

Fy 
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Based  on  this,  it  is  possible  to  consider  that  the  change  in  the 
stability  level  of  aiLcraft  in  speed  due  to  the  effect  of  elastic 
deformations  on  all  flight  speeds,  except  transonic,  in  essence  is 
determined  by  second  term  of  expression  (17.14). 


Depending  on  the  design  of  aircraft  (is  usual,  "weft", 
"bobtailed  aircraft"),  of  the  form  of  wing,  tail  assembly  in 
plan/layout,  the  relationship  of  flexural  rigidities  and  torsion  for 
a flight  surface,  the  rigidity  of  fuselage,  flight  mach  number 
stability  level  on  speed  can  either  increase  . or 

decrease 

Page  119. 


For  each  co ncrete/s peci f ic/act ual  case  the  approximate  estimate  of  a 
change  in  the  — — due  to  the  value  of  the  elastic  deformations  of 

a Cy 

construction  approximately  can  be  executed  according  to  formula 

(17.1  4)  . 
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Effect  of  elasticity  on  lateral  stability.  The  bonding  strain  of 
wing  increases  of  dihedLal  arm  sweep,  wnich  contributes  to  an 

P , • 

increase  m the  tri  . of  elastic  aircraft,  m comparison  with  rigid. 

Furthermore,  the  bending  strain  of  fuselage  and  the  strain  of 

vertical  tail  assembly  under  the  action  of  the  lateral  force  are 

brought  depending  on  the  relationship  of  the  rigidities  of  tail 

assembly  and  fuselage  to  increase  or  decrease  in  effective  slip 

angle,  which  contributes  in  the  first  case  to  an  increase#  and 

6 

secondly  - to  a decrease  in  the  *2'  . 


On  aircraft  with  swept  back  wing#  the  picture  becomes  complicated 

\ 

as  a result  of  a change  in  the  effective  angles  of  attack  of  wings 
with  slip.  Since  during'  the  pushed  forward  wing  the  load  grow/rises, 
and  effective  sweep  angle  decreases,  lateral  stability  of  wing 
grow/rises  both  as  a result  of  the  change  in  the  and  the 

m],  (see  Chapter  X). 


Effect  of  tne  elasticity  of  vertical  tail  assembly  and  fuselage 
on  the  degree  of  “eathercock  stability.  The  lateral  force#  which  has 
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| effect  during  slip  cn  vertical  tail  assembly,  causes  fuselage  herding 

and  the  strain  ot  vertical  tail  assembly.  The  increase  in  the  slip 
angle,  caused  ny  the  elasticity  ot  vortical  tail  assembly  and 
fuselage,  can  be  determined  by  formula  (17.7)  or  (17.9).  having 
preliminarily  replaced  index  "q.o"  by  "v.o". 

Tl>pn 


mw  y = mfc 


i - 


(17.  15) 


If  <7  ^ 0,  which  is  the  case  for  the  maiority  of 

7/j.e.o 

aircraft,  the  degree  of  feathering  stability  decreases  with  the 
increase  in  q.  This  is  especially  unpleasant  for  supersonic  aircraft 

f 

whose  decrease  in  the  frt  J with  transition  to  supersonic  flight 

</ 

speeds  even  without  it  is  the  reason  of  unrest/uneasiness  of  the 

pilots. 
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Approximate  dependence  ml*msf(M),  mJy=/(M)  are  giver,  in  Fig 

17.4. 

Effect  of  elasticity  on  damping  character ist ics.  In  chapter  XI 
is  shown  that  the  considerable  part  of  the  longitudinal  damping 
■omen t is  determined  by  horizontal  tail  assembly. 
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Pig. 


17.4.  Dependence  of  ^7 


P 


and 


m 


P 

yy 


on  mach  number: 


- absolutely  rig  11  aircraft;  y-  elastic  aircraft. 


"#y:  (1).  Stable.  (2).  Is  unstable. 
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Therefore  we  will  be  restricted  to  the  examination  of  the  effect  of 
elasticity  on  this  part  of  the  damping  moment. 


According  to  equation  (17- IS)  : 


"Vr.o.y 


1 - ?*.r.o 


(17.  16) 


i.  e. 


if  Cj  p > 0/  then  the  damping  moment  of  horizontal  tail  assembly 


ncreases  in  comparison  with  the  torque/moment  of  absolutely  rigid 
aircraft.  But  if  <7  „ -4  O , which  occurs  for  aircraft  with  elastic 

7a.  no 

fuselage  and  with  swept  tail  assembly,  then  damping  the  motion  of 
pitch  decreases. 


Similarly  dependence  we  will  ootain  for  the  damping  yawing 
moment  and  bank. 


Effect  of  structural  elasticity  on  the  control  effectiveness.  As 
a result  of  the  ce  n ter-  of  - pressure  travel  of  tail  asseahLy  with  the 


DOC  = 76221  JJ6  PAGE  «-*■»“ 

deflected  control  surface  of  height/altitude  (Fig.  17. S)  appear  the 
strains,  which  facilitate  a decrease  in  the  jow.  ruing  moment  wiMi 
respect  to  the  center  of  mass  of  aircraft.  The  coefficient  of  this 
torque/momen t for  an  elastic  aircraft  is  equal  to 

mi:y  — — Ar  0kr  0cy  Aar  o.y). 


. Then  the  efficiency  ratio  of  control  for  an  elastic  and  rigid 

aircraft  is  record/written  in  the  form 


+ Aar 


", 


(17. 17) 


DOC  = 76221336  PAGE  -W1-" 

spjls- 

. At.  certain  value  of  velocity  head  of  q , called  critical 

'P • r.  c 

velocity  head  of  the  reversal  ot  control,  governing  torque/moraent 
becomes  zero.  Obviously  ej  ^ ^ can  be  determined  from  condition  (with 

Vr.  •“flp.  r.  •) 


(«A  + Aar#-y)*0. 


(17. 18) 


ccording  to  the  horizontal  tail 
osition;  b - angle  of  deflection  is 
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The  joint  solution  ol  formulas  (17.9)  and  (17.13)  makes  it 
possible  to  find  commun  icat  ion/con  nect  ion  between  of  Act  and 

r.o.sj 

oD  in  the  form 


and,  therefore,  derived 


<*Aar,0.y 

di. 


From  expressions  (17.17),  (17.19)  we  obtain 


« y 


1 - 


Vp.r.o 


1 ~ <U. r.i 


(17. 20) 


where  the  q — ; <7p,r,„—  critical  velocity  head  of  the 

?p.r.» 

reversal  of  elevator. 


Similar  dependences  occur  for  the  relative  rudder- effect i venes 
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Figure  17.6  gives  th®  typical  for  an  elastic 
of  the  relative  r u d der- ef f pet i veness  derivative  on 
constant  flight  altitude- 


aircraft  dependence 
Jfech  number  at 
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Fig.  17.6.  Uepen  Jpnce  ot  the  relative  r udder-ef  feet  iveness  derivative 
on  Bach  number  for  an  elastic  aircraft. 


I 
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In  the  first  approximation,  the  dynamic  stability 
characteristics  and  aircraft  handling  taking  into  account  elastic 
deformations  can  be  determined  by  the  methods,  presented  in  chapter 
XIV  and  XV,  with  the  introduction  of  corrections  for  elasticity  to 
the  coefficients  of  a<y,  by  in  the  theory  of  quasi-static 

deflections. 

PROBLEMS  FOR  REPETITION. 

1.  How  elastic  bending  and  wing  torque  lead  to  a change  in  the 
local  angles  of  attack? 

2.  As  additionally  will  change  the  local  angle  of  attack  during 
a rapid  change  in  the  angles  of  curvature  and  torsion? 

3.  Explain  the  physical  side  of  the  phenomenon  of  divergence. 

4.  Of  what  consists  the  special  feature/peculiarity  of  the 

lateral  control  of  aircraft  at  the  speed,  which  exceeds  the  speed  of 
re*trr£&/  e*r  ar,  / <r r a ^ C 
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Chapter  XVIIJ 


j~FLIGHT  Cy^AIRCRAKr)  UNDER  SEVERE  WEATHER  CONDITIONS. 


18.1.  Gust  effect  on  the  flight  of  aircraft 


A 
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The  air  medium  in  which  flies  the  aircraft,  is  found  in 
continuous  motion.  If  this  motion  little  deviates  from  uniform  and 
rectilinear,  then  it  barely  affects  the  characteristics  of  flight, 
changing  only  the  velocity  of  aircraft  earth  referenced.  Wind  effect 
on  fuel  consumption  per  Kilometer  and  on  flying  range  was  analyzed  in 
chapter  V.  The  behavior  of  airplane  in  flight  in  the  zones  of 
atmospheric  turbulence  is  more  complicatedly. 

Atmospheric  turbulence  appears  in  the  area  of  the  high  wind 
velocity  gradients  and  temperature  during  the  interaction  of  air  flow 
with  the  surface  of  the  Earth,  during  convective  vertical  air 
circulation  as  a result  of  its  nonuniform  heating  on  tha  different 
sections  of  the  Earth,  in  the  process  of  cloud  formation. 

With  by  periodic  the  effect  of  atmospheric  turbulence  on  the 
flying  aircraft  tha  motion  of  the  latter  becomes  agitated.  The  effect 
of  perturbing  forces  causes  the  vibrations  of  aircraft  and 
turbulence.  The  forming  under  these  conditions  g-forcas  lead  to  the 
overvoltage  of  tha  separate  cell/elements  of  aircraft  and  the 
dist ur tance/breakd own  of  the  comfort  of  the  passengers. 
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At  the  torqua/moment  of  the  inlet  into  the  descenling  and 
updraft  and  into  the  torque/momen t of  output/yield  of  them  the 
aircraft  experience/tests  jerk/im pulses.  Fallininto  downflow  aircraft 
seemingly  it  fails,  into  that  which  ascend  - seemingly  ascends.  If  in 
the  process  of  tna  disturbed  motion  airplane  leaves  to  near-critical 
angles  of  attack,  then  it  car*'  fall  down  for  wing  with  the  possible 
subsequent  inlet  into  corkscrew/spin. 

Since  the  turbulent  phenomena  can  be  described  only 
statistically,  since  atmospheric  turbulence  yet  studiel  sufficiently 
fully,  the  analysis  of  the  behavior  of  aircraft  taking  into  account 
random  effects  on  it  from  the  side  of  the  turbulent  atmosphere  proves 

to  be  complex. 
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Usually  is  examined  effect  on  the  lircraft  of  the  'just,  which  has  the 
final  extent,  a nndon  single  strong  change  in  the  flight  speed  in 
value.  This  qust  is  characterized  bY  extent,  the  value  of  *he  maximum 
deviation  of  flight  speed  with  respect  to  module/modulus  and 
direction,  and  aLso  by  the  route  segment  of  flight,  during  which 
speed  cnange  reaches  its  maximum  (gradient  distance).  If  gradient 
distance  is  equal  to  zero,  then  gust  is  called  stepped  (Fig.  Ifl.la). 
It  the  speed  of  gust  cnanges  according  to  linear  law,  this  gust  is 
called  triangular  (Fig.  18.1b).  There  can  be  other  forms  or  gusts. 


In  the  general  case  the  velocity  vector  of  gust  W in  wind 
coordinate  system  it  is  possible  to  decompose  on  three  components: 
w„.  Wt.  By  L8C  lining  the  diagram  of  perturbation  nalysis, 
accepted  in  the  preceding/previous  chapters,  it  is  possible  to 
separately  examine  the  effect  longitudinal  (Wx,  Wv)  and  lateral  rha 
(W,)  of  gusts. 


A change  in  the  aerodynamic  lift  of  aiLcratt,  which  flies  in 
stagnant  air  at  constant  velocity,  under  the  action  of  tha 
longitudinal  gust  (Fig.  18.2)  it  is  possible  to  express  by  equation 
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yoking  into  account  that 


K=4(o-o,)^-S, 


we  will  ootain 


(18. 1) 
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since  for  contemporary  high-speed  aircraft 

v » wM%  v^wy, 

that  velocity  increment  of  flight  polta  and  angle  of  attack  in  the 
first  approximation,  it  is  possible  to  express  as  follows: 


(18.2) 
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Taking  into  account  these  values  AV  and  Aa  relationship  (18.1) 
it  is  possible  to  rewrite  in  the  form 


= 2W*  (18.3) 

Y c„  V ' V 


-fhe  first  term  in  the  right  side  of  equation  (18.3) 
characterizes  the  effect  of  vertical  gust  (velocity  change  in  the 
direction)  on  a change  in  the  lift,  and  the  second  - the  influence  of 
horizontal  gust  (velocity  change  in  value). 


With  a sufficient  extent  oi  gust,  rapid  motion  manages  to  be 
discontinued  to  the  end  of  the  gust.  More  complex  tor  an  analysis 
(and  dangerous  for  a flight)  is  the  gust  of  alter natinj/variable 
intensity,  especially  such,  with  which  the  <ii  s t ur  ba  nce/per  t urba  t ion 
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of  angle  of  attack  changes  its  sign  (alternation  ascending  and 
descending  gusts). 


The  greatest  danger  for  aircraft  they  represent  th<j  stepped 
vertical  jus»s  of  ( U/x  = R’/,  = 0) , it  is  explained  ty  t wo  reasons.  First, 

since  the  value  of  the  ascending  gust  can  reach  to  1r>-20  m/s,  a 
change  in  tne  angle  of  attack  can  be  considerable,  and  with  a 
decrease  in  tne  velocity  of  flight  increases  the  danger  of  the 
output/yield  of  aircraft  to  angles  of  attack  beyond  stalling.  In  the 
second  place,  vertical  gust  can  cause  large  normal  load  factors.  The 
value  of  normal  load  factor  is  determined  by  the  ratio  of  lift  to 
weight  (2.14),  and,  thus,  with  gust 


Hf-\-  A tly 


Y + nr 

G 


it  reference- f light  conditions  the  est ab lish /inst a 1 1 e d 


rectilinear  horizontal,  then  Y 


G and 
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(18.4) 


Consequent  ly , the  increase  in  the  g-force  directly  proportional 
to  the  flight  speed  and  velocity  of  vettical  gust.  The  sign  of  an 
increase  in  the  g-torce  is  determined  hy  the  direction  of  the 
velocity  of  gust  ("plus"  for  that  which  ascend  and  "minus"  for 
descending).  The  increase  in  the  g-force,  determined  by  dependence 
(IB. 4),  is  initial.  Its  further  change  will  depend  on 
transient-response  characterist  ics. 


An  increase  in  the  g-force  can  reach  great  significance.  So, 
with  cj— 4,  0“0.5  kg/a3  (lit^rShOO  m)  , the  flight  spaed  of  V = 200 

b/s,  to  the  specific  wing  load  p = 3000  N/m*  and  the  speeds  of  the 
gust  of  wtm ,15  b/s  an  increase  in  the  g-force  of  Anv  is 

approximately  equal  to  unity. 
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Table  18.1. 
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Key:  (1).  Intensity  of  turbulence.  (2).  Increase  in  the  g- force  of 

Jhy  (3).  Physiological  perceptions  of  the  passengers,  (h).  Weak. 
(5).  Discomfort  in  the  separate/individual  passengers.  (6). 
Hoderated.  (7).  Discomfort  of  the  considerable  part  of  the 
passengers.  Difficulty  of  walking  in  salon.  (8).  Strong.  (9). 
Unhealthy  phenomena  of  the  overwhelming  majority  of  the  passengers. 

Isold t i on/e v ol u ti o n from  seats  and  hovering  on  belts. 

(10).  Very  heavy;  (11)  Greater  than  1;  (12).  flgns  of  Illness  In 

the  overwhelming  majority  of  passengers.  Separated  from  seats  and 
restrained  by  seat  belts. 
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The  permissible  overloads  are  restricted  to  the  ultimates  of  the 
structural  strength  of  aircraft  ana  to  the  conditions  of  the  comfort 
of  the  passengers.  On  the  basis  of  the  physiological  perceptions  of 
the  passengers  with  g-forces  (Table  18.1),  as  extreme  value  foL 
passenger  aircraft,  is  taken  the  value  of  An„«*0,5. 


Besides  vertical  gusts,  there  are  horizontal  gusts,  which  Lead 
to  a change  in  the  slip  angle.  Statically  stable  aircraft  reacts  to 
gust  by  bank  to  opposite  half  wing  and  by  turn  towards  gust.  In  this 
case  the  initial  disturbance  is  cha racter ized  by  slip  angle. 
Perturbation  analysis  is  made  acording  to  the  procedure,  given  in 
chapter  XV. 


18.2.  Special  feature/peculiarities  of  the  flight  of  aircraft  under 
the  conditions  of  icing. 


Icing  affects  the  flight  of  aircraft  not  only  as  a result  of  an 

increase  in  its  flight  mass.  The  ice  outgrowths,  which  are  formed  on 

flight  surface,  change  the  contours  of  their  airf oi 1/pr of i Ip  and 

change  the  conditions  of  its  flow,  which  leads  to  a deterioration  in 

‘the  aerodynamic  characteristics,  stability  characteristics  and 
* 
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controllability  and  flight  fineness  ratios.  Icing  can  unset  the 
operation  of  engines  and  cause  the  failure  of  important  controls. 


Ice  formation  on  the  surface  of  aircraft,  streamline!  with  air 
flow,  occurs  as  a result  of  the  presence  in  the  atmosphere  of  the 
determined  amount  of  water  drops  in  the  liquid  state  even  at  minus 
temperatures.  These  drops  form  the  clouds,  observed  at  any  time  of 
year;  during  flight  of  aircraft,  in  clouds  at  the  minus  temperature  of 
air,  they  are  crystallized  and  form  a layer  of  ice  on  its  surface. 
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Icing  can  occur,  also,  ut>on  transition  of  that  containinq  in  the 
atmosphere  water  pair  to  ice,  passing  liquid  phase,  as  a result  of 
the  so-called  sublimation. 

Ice  formation  usually  occurs  only  on  the  leading  wing  edges  and 
tail  assembly.  This  is  explained  by  the  fact  that  the  airflow  at 
critical  point  on  leadinj  edge  is  divided  into  two  parts,  which  flow 
around  tne  upper  and  pressure  side  of  wing  (Fig.  19.1),  in  this  case 
near  spout  flow  lines  strongly  are  bent.  The  particles  of  water, 
which  move  together  with  an,  do  not  manage,  on  tne  strength  of  their 
inertia,  to  invert  of  motion  following  flow  lines  and,  moving  over 
more  flat  trajectories,  they  deposit  on  the  spout  of  airfoil/profile. 

If  we  approximately  assume  that  whole  amount  of  water,  which 
falls  on  wing,  is  converted  into  ice,  then  the  amount  of  ice,  which 
is  formed  for  time  unit  per  unit  of  the  length  of  wing  (icing 
intensity  I)  is  determined  by  formula  1 

/-£wcV, 

where  E - the  complete  coefficient  of  settling;  u are  water  content 
of  air,  or  specific  humidity  (amount  water  pair  in  1 humid  air);  c 
is  a profile  thickness  of  wing. 
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FOOTNOTE  1 . 0.  K.  Tucnov,  Aircraft  icing  and  mans  for  battle  with  if 
Fl,  "machine-building",  1965.  ENDPOOTNOTE. 


The  coefficient  ot  settling  E in  the  general  case  depends  on  the 
form  ot  the  nose  of  the  airfoil/profile  and  of  the  number  of 
Re„  = — , determined  according  to  the  si  ze/d  intension  of  irons.  The 

V 

force  of  inertia  are  determined  by  the  dimensionless  parameter  P, 
which  can  be  calculated  according  to  formula 


P=  k 


e .'W 

V-L 


(18.5) 


where  r of  the  radius  of  drop;  p,  - water  density;  l - the 
significant  dimension  of  the  streamlined  body;  p - the 
ductility/toughness/viscosity  of  air;  k*=  1 -f 0,17 Re?/3  - the 

coefficient,  depending  on  the  mode/conditions  of  the  flow  of  air 


about  the  drop 
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The  physical  sense  of  parameter  p,  deter  rained  bv  relationship 
(18.5),  lies  in  the  fact  that  it  is  proportional  to  the  ratio  of 
force  of  inertia  to  the  drags  of  drop. 


Page  328. 

If  value  p is  close  to  zero  (r — 0)  , then  the  drops  move  together 
with  air.  The  more  parameter  p,  the  more  the  trajectory  oi  drops  they 
differ  fro'j  the  flow  lines  of  air  flow  and,  therefore,  the  j rocess  of 
settling  drops  in  the  nose  of  the  body  more  intensive. 

as  shows  theoretical  studies  1 , the  value  of  the  complete 
coefficient  of  settling  in  essence  depends  on  parameter  p and  is  very 

small  from  i?e0. 

FOOTNOTE  *.  I.  P.  Mazina.  Physical  principles  of  aircraft  icing.  N, 
Gidr omet eoizdat , 1957.  ENDFOOTNOTE. 
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From  the  practice  ot  the  operation  of  aircraft,  it  is  known, 
that  the  wore  the  flight  speed,  on  the  fact  at  the  more  low 
temperature  of  surrounding  air  occurs  aircraft  icing.  At  supersonic 
speeds  the  theoretical  heating  of  the  surface  of  aircraft  is  so  high 
that,  in  essence,  is  observed  the  only  sublimation  icing,  but  drop 
barely  is  encountered.  The  range  of  the  minus  temperatures  at  whi^- 
occurs  the  icing,  is  sufficiently  great  - from  0°C  to  -40°C. 


Through  the  data  of  practice,  8O0/0  of  supercooled  clouds  they 
are  found  in  temperature  range  from  0°C  to  10°C.  Relative  humidity 
with  icing  is  8O-IOO0/0,  and  speciric  humidity  (water  content  of  ail) 
1 g/kg  and  more.  The  water  content  of  the  cooled  clouds  above  the 
territory  of  the  USSR,  according  to  the  data  of  central  aerological 
observatory  (TsAJ  f LIAO  - Cer.ti.al  A«rological  Observatory!),  varies 
within  tne  limits  0.1  g/m3  - l.o  g/m3  and  depends  on  the  temperature 
of  air.  On  these  UosNII  (TocHHH  - State  Scientific  Research  Institute] 
GA  [ TA,  - Civil  Aviation],  the  greatest  probability  of  icing  is 
observed  at  height/altitudes  -7000-8000  m (Fig.  18.4). 


Depending  on  flight  conditions,  can  be  the  various  forms  of  ice 
formation  (Fig.  18.5);  however,  they  all  they  lead  to  a decrease  in 
the  critical  angle  ot  attack  and  cv It  can  prove  to  be  also  that 
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at  constant  angle  ot  attack  in  the  process  of  icing  will  appear  the 
developed  breakaway  zone  of  boundary  layer,  which  leads  to  a decr^as 
in  the  lift  coefficient  of  wing. 


Is  especially  dangerous  the  icing  ot  tail  assembly.  For  example 
during  the  wide  iownwash  angles  and  wi»h  considerable  deflection  of 
elevators  under  the  conditions  of  the  pre-landing  glide 
bo  und  ar  y- 1 a y er  separation  on  the  lower  surface  of  ‘■.ail  assembly  can 
lead  to  boundar y- 1 a yer  separation  directly  from  the  spout  of  tail 
assembly,  which  sharply  will  lower  the  effectiveness  of  the  pitch 
control  of  aircraft  and  can  be  the  reason  tor  the  emergence  of 
emergency  situation. 


For  the  protection  of  aircraft  from  icing,  are  applied 
mechanical,  thermal,  physicochemical  and  the  combined  methods, 
described  in  special  courses. 


In  all  cases  the  ice  formation  leads  to  an  increase  in  the  drag 
(Fig.  la. 6)  and,  therefore,  to  an  increase  in  the  fuel  consumption 

per  kilometer. 
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2000  *000  6000  1000  HU 


Fig.  18.4.  Altitude  etfect  on  the  probability  of  aircraft  icing  (343 
cases  of  icing,  according  to  the  data  of  the  experimental  flights  of 
aircraft  with  TRD  [ TPJ  - turbojet  engine]  and  TVD  £ TBH 
turboprop  engine]). 


Key:  (1).  Frequency  of  the  cases  of  icing. 
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Of  aircraft  with  sweptback  wing,  predominantly  occurs  the  icing 
forepart/nose  and  in  the  less  measure  of  the  rear  portion  of  the 
wing.  The  icing  of  arms  it  can  load  to  their  intensive  vibration. 


18.1.  Flight  of  aircraft  undei  the  conditions  of  restricted 
visibility. 


The  regularity  of  flights  to  a considerable  degree  depends  on 
cloudiness  and  visibility.  Thunderstorms,  whirlwinds,  t ne  intense 
residue/sett  lings,  which  associate  clouds,  and  also  mist/f ogs  ana  the 
duststorms  with  which  is  connected  the  poor  visibility,  they 
complicate  flight.  Under  these  conditions  great  assistance  exerts  the 
special  instruments  with  which  are  equipped  the  aircraft  and 
airports. 


The  most  complex  stages  of  the  flight  of  aircraft  are  the 
takeoff  and  the  landing.  According  to  the  published  in  press  data  *, 
for  the  3 of  the  year  of  the  Second  World  War  USAF  £ ClUA  - United 
States  Air  Porce]  in  combat  operations  lost  70000  aircraft,  and  as  a 
result  of  emergencies  and  catastrophes  of  approximately  11  000,  from 
which  considerable  part  - during  landing. 
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FOOTNOTE  ».  A.  H.  Baranov,  N.  1.  Fazuriti  et  al.  Aeronautical 
meteorology.  L.  , Gi  droaot  eo  i zda  t , 1lJ6b.  ENDFOOTNOTE. 
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Usually  takeoff  and  landing  are  conducted  visually.  However, 
under  severe  weather  conditions,  especially  with  low  clou!  iness,  it 
is  necessary  to  use  special  radio  equipment. 


Have  already  been  develop/processed  at  present  and  are 
experience/tested  the  systems  of  automatic  landing,  which  make  it 
possible  to  make  ^landing  under  conditions  of  the  complete  absence 
of  visibility  for  horizontal  and  for  vertical  line.  It  is  possible  to 
expect  that  these  systems  soon  will  be  equipped  all  aircraft  rt 
average  and  the  long  range  of  flight. 


Por  accomplishing  contact  landing  tor  each  type  of  airplane,  ar 
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necessary  the  certain  conditions  of  visibility,  even  if  aircraft  is 
equipped  with  radio  naviqation  equipment,  its  contemporary  systems 
provide  the  output/yiold  or  aircraft  to  takeoff  and  landing  strip 
(runways)  with  some  errors  by  height,  horizontal  (coincidence  of  tie 
projection  of  the  axle/axis  or  airplane  with  axle/axis  runways)  and 
speeds. 

The  correction  of  these  errors  is  conducted  by  pilot  on  visual 
orientation.  Permissible  height  of  cloudiness  on  airfield  during 
landing  and  the  permissible  visibility  the  lower,  the  more  precise 
the  navigation  gear,  the  lesser  the  speed  of  the  pre-landing  glide 
and  the  more  effective  the  aircraft  controls. 

For  tne  safety  control  of  landing  different  aircratt  with 
different  navigation  aids,  is  regulated  weather  minimum  - the  minimum 
he igh t/a It  it ude  of  lower  clouu  base  (lower  boundary  of  cloudiness) 
and  the  minimum  visibility  of  reference  points.  Here  the 
he igh t/a It i t ude  of  lower  boundary  of  cloudiness  is  considered  the 
greatest  he ight /a  1 1 it ude  with  which  the  pilot  distinctly  sees 
landmarks,  and  by  the  minimum  visibility  - the  greatest  distance 
along  landing  trajectory,  with  which  the  pilot  can  visually 
reveal/detect  the  beginning  of  takeoff  and  landing  strip. 
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The  international  organization  of  the  civil  aviation  (ICAO)  and 
other  special  organizations  consider  necessary  the  gradual 
1 uplementation  of  the  means,  which  ensure  landing  under  conditions  of 
three  categories  of  the  growth/build-up  of  difficulty.  The  means  for 
first  categOLy  provide  safe  landing  at  the  he  ig ht/alt i t ude  of  lower 
boundary  of  cloudiness  60  m and  of  the  minimum  landing  visibility  800 
m;  the  means  for  the  second  category  - at  the  height/altitude  of 
lower  boundary  of  cloudiness  30  m , of  the  minimum  landing  visibility 
- 400  it.  The  means  for  the  third  category  provide  for  landing  at 
ground  level  of  cloudiness. 


Page  3J1. 


besides  examined  weather  minimum  for  an  aircraft  in  certain 
cases,  it  is  necessary  to  consider  weather  minimum  of  airfield,  which 
regulates  visioility  and  the  height/altitude  of  lower  boundary  of 
cloudiness  depending  on  the  area  relief  and  obstructions  on  airport 


approaches . 
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Questions  for  repetition 


r 


1.  How  do  affect  wind  gusts  the  characteristics  of  the  flight  of 

aircr  aft  ? 

2.  Why  the  icing  of  tail  assembly  is  especially  dangerous  ur.der 
the  conditions  of  the  pre-landing  glide? 


The  problem 


to  determine  effective  indicator  wind  gust  for  an  aircraft  that 
;134  of  the  conditions  of  limitation  on  dumping,  if  it  is  known  that 
the  flight  was  realized  at  height/alt i t ude  H = 11  km  at  a velocity, 
corresponding  t.o  H = 0.8;  the  specific  wing  load  was  equal  to  1500 
N/m*;  the  value  of  the  ej  of  wmq  equal  to  5.45;  the  allowed  value 
of  the  lift  coefficient  with  M = 0.8  equally  c*  e 1 to  c t i v ** 


indicator  (just  was  connected  with  real  indicator  gust  by  the 
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^1  + “ 


w,  \r, 
K ~0.9' 


Answer/response  of  TT(,«  — 9,9  m/s. 
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Chapter  XIX 


^DYNAMICS  0? 


4pm\7hgHT  aVf(liFL  I copter) 


The  motion  o£  helicopter  and  the  motion  ot  aircraft,  can  be 
presented  in  the  form  of  movable  forward  notion  at  the  velocity  of 
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the  center  of  lass  of  helicopter  and  relative  pivotin'}  motion  around 
the  center  of  mass-  In  accordance  with  this  in  the  dynamics  of  the 
flight  of  helicopter,  are  examined  trajectory  problems  and  probl°ms 
on  the  investigation  of  the  stability  characteristics  and 
controllability. 


Solution  of  the  trajectory  problems  of  the  motion  of  helicopter 
makes  it  possible  to  determine  the  forward  velocities  of  level  and  ol 
vertical  flights,  acceleration  in  the  different  engine  power  ratings 
and  on  the  uifterent  stages  or  tlight,  a change  in  the  flight  speed 
with  height/altitude,  the  ceiling  of  helicopter  etc. 

During  the  study  of  the  possible  trajectories  of  the  motion  of 
the  helicopter,  caused  by  the  acting  on  it  forces,  entire  mass  of 
helicopter  is  considered  concentrated  in  its  center  of  mass. 

As  during  tne  solution  ol  the  trajectory  problems  of  aircraf*-, 
the  Kinematic  parameters  of  helicopter  are  determined  with  the  aid  of 
the  equations  of  motion  of  a helicopter  of  type  (1.22)  in  the 
selected  coordinate  system. 
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19.1.  Equations  of  motion.  Method  of  their  solution. 

V 


During  the  solution  of  the  trajectory  problems  of  the  motion  of 
helicopter,  is  selected  the  wind  coordinate  system  (sea  Chapter  I) 
whose  beginning  coincides  with  the  center  of  mass  of  helicopter, 
axle/axis  ox  coincides  with  the  sense  of  the  vector  of  flight  speed, 
axle/axis  ny  lie/rests  at  the  plane  of  symmetry  with  positive 
direction  upward,  axle/axis  Oz  forms  right-handed  coordinate  system. 


During  the  motion  of  helicopter  in  vertical  plane  to  it,  act  the 
following  (Fig.  19.1)  forces:  the  thrust  of  helicopter  rotor  T, 
applied  to  the  sleeve  of  cyclic-pitch  control;  weight  t; ; the  thrust 
of  the  tail  rotor  of  Txt , the  force  of  the  parasite  drag  of  the 
X.p,  caused  by  the  resistance  of  the  cell/elements  of  helicopter 
(fuselage,  chassis/land ing  gear,  tail  boom,  etc.,  with  tha  exception 
of  rotor)  . 
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Fiq.  19.1.  Diagrams  of  the  forces,  which  act  on  helicopter. 


DOC 


7b  24 1 J3b 


PA  UK 


/eta. 


The  system  of  equations  ot  the  unsteady  motion  of  helicopter 
alonq  curved  path  tunes  the  form,  similar  to  system  (2.10)  : 


P — X — G sin  6 = m — — , 
di  ' 

Y —G cosQ=mV  , (19.1) 

z-r„=o. 


where  P,  f ZT  are  projections  of  the  thrust  of  helicopter  rotor 
respectively  on  the  axis  Ox,  Oy,  Oz. 

The  case  ot  steady  motion  alonq  the  straiqht  path  of  equation 
(19.1)  takes  the  form  himself 


DOC 


7t2hl  1 i(, 


PAGK 


/oi 3 


P-Xnv-G  sin 0=0, 
Y — G cos  0=0, 
Z — T =0. 

r -Xu 


(19.2) 


■^he  third  equation  of  system  (19.2)  written  for  the  helicopter 
of  single-rotor  design,  at  whose  reactionary  torque  of  rotor  is 
balanced  by  tor que/moment  from  the  thrust/rod  of  tail  rotor.  For 
helicopters  with  other  methods  of  the  balancing  of  reactive  torque, 
for  example  for  the  helicopters  of  twin-screw  and  coaxial  diagrams, 
this  equation  will  take  another  fora,  since  in  these  diagrams  tail 
rotor  is  absent  and  reactionary  torque  of  rotation/revolution  is 
balanced  as  a result  of  the  rotation/ce volution  of  screw/prope  1 lers 
to  opposite  sides. 


It  is  similar  to  equations  for  determining  the  kinematic 
parameters  of  aircraft  (chapter  II,  § 2-9)  equations  (19,2)  also  ire 
solved  by  graph  o-a  nal  yt  ic  methods,  namely,  by  the  method  of  the 
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thrust/rods  or  by  t h«  method  of  powers. 


Page  334. 


We  convert  the  first  equation  of  system)  19.2)  to  form 


p — ^.p-f-Gsinfi. 


(19.3) 


fhe  right  sile  of  this  equation  let  us  name  required  thrust  let 
us  designate  its  P„,  left  - by  point  of  tangency  let  us  designate 
its  Pp.  By  multiplying  both  parts  of  equation  (19.3)  on  V,  we  will 

obtain 


p,v  -(*»+ G sin  6)  V =PKV  = N'„,  ( 19. 4) 


where  the 


/Vj  - the  required  power  of  helicopter;  PpV— N'p 


are  the 
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available  power  ol  helicopter,  expended  for  the  overcoming  of  the 
force  of  the  parasite  Iraq  of  X»p  durinq  the  forward  motion  of 
helicopter  at  .speed  of  V. 


Relationship  (19-4)  for  the  required  power  of  helicopter 
analoqous  with  relationship  foL  the  required  power  of  helicopter 
analoqous  with  relationship  tor  required  pow^r  aircraft  (^.18)  , bu* 
in  formula  (19.4)  by  required  power  is  considered  the  only  pow^r, 
caused  by  the  force  of  parasite  draq,  and  is  not  considered  the 
power,  caused  by  the  resistinq  force  of  the  rotatinq  blade/vanes  of 
rotor  and  by  the  induced  velocities,  which  unavoidably  appear  durinq 
creation  by  the  rotor  of  thrust/rod.  Taking  into  account  these  powers 
equation  (19.4)  will  be  written  in  the  form 


Nr  - ,V.  + N,  + A’.p = ( + G sin  •)  V - - N,  + — N* • 


(19.5) 


•hate  the  Ni  - the  inductive  power,  caused  by  inductive  losses; 

Ngj,  - the  profile  power  is,  spent  on  the  overcoming  of  the 
resistance  of  the  rotatinq  blade/vanes;  Np  - the  complete  available 
power  of  helicopter  (rotor),  that  includes  Np  and  the  powers,  spent 
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on  ptotile  and  induct  ive  losses. 

In  horizontal  llight  condition,  the  flight  path  angle  9 if  equal 
to  zero,  and  the  required  power  is  determined  by  formula 


N.-VX^  + N, 


W 


nM* 


(19.6) 


the  curve/graphs  ot  change  t(  juired  and  the  available  powers  of 
helicopter  they  uiaKe  it  possible  to  determine  the  tliqht 
characteristics  of  helicopter  in  different  mode/condit  ions . 


For  determining  the  rlipht  characteristics  of  helicopter,  let  us 
use  both  method  of  the  required  and  available  powers  or  thrust /rods 
and  the  method  of  the  required  and  available  torque  ratios, 
constructed  in  coordinate  field  mKp~/(pi).  . Coefficient  p is  equal  to 
the  relation  ot  the  velocity  component  of  undisturbed  flow, 
ar tange/located  in  the  plane  ot  the  rotat ion/revolution  of  rotor,  to 
the  blade  tip  speed  of  sctew/pr ope  1 ler  it  is  called  the 
characteristic  of  the  mode/conditions  of  rotor. 


i 
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A transition  to  this  method  from  the  method  or  the  required  and 
available  powers  can  be  carried  out,  after  expressing  reguirel  and 
available  powers  by  the  torsional  moment  in  accordance  with  formulas 


^ p i^Kp.pUI> 


(19.7) 

(19.8) 


where  the  M^a  a nd  the  M* p.p  are  required  ana  had  the  torsional 

moments;  u - the  angular  rate  of  rotation  of  screw/propeller. 


The  torsional  moments  of  Af„p.n  and  Mup.p  can  be  presented  in 


the  form 
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M 


Kp.n 


Af, 


(19.9) 


where  the  ^,n  - the  coefficient  of  the  required  torsional  moment; 

m«p.p  “ ^he  coefficient  of  the  available  torsional  moment;  3 - a 
radius  of  rotor;  a - solidity/loading  factor,  equal  to  the  ratio  of 
the  total  area  of  the  blade/vanes  of  rotor  in  plan/layout  to  the 
area,  swept  by  rotor. 

After  the  substitution  of  the  values  of  AfKp.n  and  Af^p  in 
the  form  (19.7)  into  formulas  (19.9)  and  (19.8),  expressions  for 
torque  ratios  they  are  obtained  in  the  following  form; 
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(19.  10) 
(19.11) 


the  examined  method  can  Le  utilized  for  the  calculation  of  the 
aerodynamic  helicopter  characteristics  not  only  single-rotor  design, 
but  also  other  diagrams. 


/ 19.2.  Required  and  the  available  powers  of  helicopter. 
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Required  power. 


Required  power  during  level  flight,  as  noted  in  the 
preceding/previous  paragraph,  it  is  composed  of  the  powers,  spent  on 
the  rotation/revolution  of  rotor  and  on  the  overcoming  of  parasite 
drag.  Let  us  examine  in  more  detail  each  of  them. 


Page  336. 


Power,  spent  on  the  rotat ion/re vol ution  of  rotor. 


This  power  consists  of  the  inductive  power,  spent  on  producing 
induced  velocity,  and  consequently,  propeller  thrust,  and  profile 
power.  According  to  the  theory  of  ideal  screw/propeller  1 , inductive 
power  is  expressed  by  relationship 

N^Tv,,  (19.12) 

where  T - rotor  thrust;  vi  are  the  induced  velocity  in  the  plane  of 
the  rotation/revolution  of  scr ew/propel ler . 
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FOOTNOTE  *.  A.  M.  Mkhitaryan.  Aerodynamics,  chapter  ARE  XXV I.  M , 
"mach ine-bui lding" . ENDFOOTNOT E. 


During  the  determination  of  rotor  thrust,  we  utilize  a known 
from  the  theory  of  ideal  screw/propeller  expression 

T=mvt,  (19.13) 

where  m - the  mass  through  the  screw/propeller  of  air  taking  place; 
v*  is  the  induced  velocity  after  screw/propelier,  connected  with  the 
induced  velocity  in  the  plane  of  rotation/revolution  with  the 
relationship  of  va—2 vf. 


While  hovering,  the  forward  velocity  of  helicopter  is  equal  to 
zero  and  the  mass  through  the  rotor  of  air  taking  place  depends  only 
on  induced  velocity,  but  the  thrust/rod  of  helicopter  is  equal  to  its 
weight.  Thus 

T^QFvfiv^tyFv^G,  (19.14) 

where  F * irR2  - the  area,  swept  by  rotor  (8  - a radius  of 
screw/ptopeller)  , 
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After  the  substitution  of  the  value  of  pjwic 
(19.12)  we  obtain 


(19.  15) 


into  formula 


(19.  16) 


iurinq  the  forward  motion  of  helicopter  (Fig.  19.2)  they  accept 
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that  the  mass  throuqh  the  screw/propeller  of  air  taking  place  is 
determined  by  the  full  speed  of  root  ion  Vt,  which  is  ejuil  to  the 
vector  sum  f orward/pro  jressive  ny  V and  of  the  inductive  v{  of 
speed  s. 
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In  tnis  case  ot  ex^tession  toi  the  rotot  thrust  and  induce)  velocity, 
takes  the  torn  himself 


/OTT 


T =g/r  Vt2v,, 

T 

v,  — , 

2qFV, 


(19.  17) 


where 


\Z,  = 1 \V  sin  a-y-v,^+(V  cos  af. 


(19.  18) 


Substituting  the  obtained  values  ot  induced  velocity  in  formula 
(19-12)  and  taking  into  account  that,  at  low  angles  of  attack  the 
rotor  thrust  is  equal  to  its  weight,  we  will  obtain  expression  for 
determining  the  inductive  power  of  helicopter  during  forward  motion 

in  the  form 


I 
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(19.  19) 


from  formula  (19.19)  it  follows  that  in  flight  at  the  determined 
height/altitude  with  an  increase  in  forward  velocity  V inductive 
power  decreases  (Fig.  19. 3).  This  is  explained  by  the  tact  t ha  - with 
T G [see  (19.17)  ] with  an  increase  in  velocity  V,  the  induced 
velocity  of  gggg  it  decreases  and,  therefore,  deceases  induct i^e 

u * 

power. 


tag  formulas  (19.16)  and  (19.19)  for  determrning  A'{  are  derived  on 
the  basis  of  the  theory  of  ideal  screw/propeller  which  is  constructed 
under  the  assumption  that  the  velocity  of  incident  flow  and  induced 
velocity  in  the  entire  swept  area  of  screw/propeller  ace  identical. 
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In  actuality,  t.ho  induced  velocity  along  blade/vane  is 
d i str  ibut unevenly  and  has  the  maximum  value  with  r/ft  0.  79  (here 
r is  a radius  of  the  cross  section  in  question)-  In  connection  with 
this  as  it  will  be  shown  below,  inductive  powei  increases. 


Page  33 H. 


The  indicated  nonunif ormity  of  in duced- ve loci ty  distribution  has  the 
greatest  values  while  hovering  and  decreases  with  an  increase  in  the 
forward  velocity. 


Thus,  in  real  rotor  on  producing  induced  velocities  is  spent 
large  power,  than  this  follows  from  the  theory  of  ideal 
screw/propel  ler , and  therefore  into  formulas  (19.16)  and  (19.19)  are 
introduced  the  corrections  taking  into  account  which  fhe  inductive 
power  while  hovering  and  during  forward  motion  is  determined  from 
formulas 

1,9  M> 

Qi 

2#Ar,  ’ 


\f  ► 

,=iy 


(19.21) 
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where  the  Er  is  correction  factor  to  the  nonuni f orraity  of  induced 
velocities,  depending  on  the  ratio  of  a radius  of  the  nonworking  part 
of  screw/pr opeiler  r0  to  its  radius  R and  of  the  character  of 
in duced-velocity  distribution  accordinq  to  a radius  of 
screw/p tope ller. 

For  helicopter  screw/propellers  while  hovering  with  r 0/P  = 

0-0. 25  correction  factors  can  be  taken  as  1.2— 1.3;  with  an  increase 
in  forward  velocity  V,  coefficient  of  £v  decreases  also  with 
V/Oi aMe the  coefficient  of 

Besides  the  n onun i f or m i ty  of  induced  velocities  the  inductive 
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earlier  output  sere w/propel let , affect  the  tip  losses,  caused  by  the 
overflowing  of  tne  air  through  ends  and  the  roots  of  the  blade/vanes 
out  of  high-pressure  area  hearth  by  screw/propeller  to  area  of 
reduced  pressures  above  the  screw/propeller.  This  overflowing  whose 
intensity  depends  on  propeller  thrust,  increases  the  inductive 
carrier  output  scr ew/propol ler  approximately  to  3-4o/o. 


From  formulas  (19.20)  and  (19.21)  it  follows  that  with  ai 
increase  in  altitude  of  flight  the  inductive  power  grow/rises  as  a 
result  of  a decrease  in  the  air  density  (see  Fig.  19.3). 


During  the  determination  of  the  profile  power,  spent  on  the 
overcoming  of  the  profile  drag  of  the  blade/vanes  of  helicopter  in 
different  flight  conditions,  first  is  examined  the  profile  power  of 
the  blade  element  of  rotor,  and  then  the  obtained  value  of  elementary 
power  is  integrated  by  the  area  of  all  propeller  blades. 


While  hovering,  the  elementary  profile  power  is  determined  by 
the  following  formula,  obtained  in  the  theory  of  the 
isolated/insulated  propellor  element: 
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dN„-dQU-c,.J>dr‘J?2„,  (19.22) 


where  dQ  it  is  determined  the  force  of  the  profile  drug  of  blad^ 
element  with  a width  of  dr  and  by  chord  u,  U it  is  determined  * he 
peripheral  speed  oi  cpll/elemer.%  equal  to  the  product  of  angular 
rate  ct  rotation  u to  a radius  of  the  chosen  cross  section,  c,up 
the  coefficient  of  profile  drag  of  the  chosen  cel 1/eleaen t . 


I 

Page  339. 


The  profile  power  of  all  fclade/vanes  under  the  assumptions  that 
the  blade/vanes  are  rectangular  and  the  blade  profile  drag 
coefficient  in  the  first  approximation,  it  is  determined  by  its 
average  value  of  (c«nP«  const),  will  be  equal  to 


N 


■p ' 


H 

r j cM9fbdr 


e(u>r)3 


: »p^ 


U««»3 


_ m m — _ 

7“=-^rx 


(19.23) 
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where  k is  the  amount  of  bladc/vanes;  bfi  - the  area  of  blade/vane  in 
plan/layout . 


For  trapezoidal  in  the  plan/layout  blade  the  chord  and  the 
average  value  of  the  coefficient  of  cxap  usually  are  expressed  as 
their  values  for  the  cross  section,  ,ir  r an  ge/1  ocat  ed  at  a distance 
0.7R  from  screw  axis. 


From  formula  (19.23)  it  follows  that  the  value  of  profile  power 
depends  on  the  size/diaensions  of  blade/vanes,  angular  velocity  of 
their  rotation/ravolution  and  coefficient  of  profile  drag.  In  turn,# 
the  value  of  coefficient  of  profile  drag  depends  on  Re  number,  on  the 
form  of  airfoil/profile,  juality  of  finish  surface  and  on  blade  angle 
of  attack.  With  an  increase  in  the  angle  of  attack,  the  coefficient 
of  profile  drag  as  for  a wing,  increases  as  a result  of  s?paration  of 
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flow  from  the  upper  ..urtace  of  blale/vane.  The  average  value  of 

c*»r  reflects  the  value  of  coefficient  of  profile  Iraq  only  in  the 
quite  first  approximation,  since  it  foes  not  consider  the  offer*  of 
separation  of  flow  from  the  sui  race  of  blaie/vane,  caused  by 
backflow,  and  other  factors. 


Frequently  the  profile  power  is  expressed  as  the 
solid  ity/ioadinq  factor.  If  expression  (19. 2J)  is  multiplied  and  is 
divided  on  ir  R ^ , then 


■tW* 


1 8 ' 


(19. 24) 


where  the  a=*-^-»=—  - solidity/loadinq  factor;  F = wP*  - the  area, 

nK1  nK 

swept  spirally. 


Under  the  conditions  of  forward  motion  when  the  constituting 
forward  velocity  of  yx  is  present,  (see  Fig.  19.2)  profile  power 
can  be  determined  by  formula 
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where  the  ,V 


P'=7f 


p *IM 

V cos  u 


- profile  power  while  hover inq, 
=o  - relative  velocity. 


! 


(19.25) 
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Piy-  19.4.  Dependence  of  n,.  A«p,  s,tt  .%■„  and  \fi  on  velocity  with 

” const 


Key:  (1).  ku.  (2).  V,  m/s 
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At  the  low  disc  incidences  V cos  a^v. 


From  formula  (19.25)  it.  follows  that  an  increase  in  the  forward 
velocity  barely  shows  up  in  a change  in  the  profile  power-  So,  if  at 
the  maximum  speed  of  the  motion  of  helicopter  value  u ^>0-25,  then 
profile  pow^r  increases  by  28o/o  (Fig.  19.4). 


Altitude  affect  on  profile  power  is  easy  to  trace  according  to 
formulas  (19.23)  and  (19.24),  from  which  it  follows  that  about  other 
equal  conditions  not  allowing  for  compressibility  the  power  of  Nnp 
with  height/altitude  decreases. 

Power,  spent  on  the  overcoming  of  the  parasite  drag  of  helicopter. 

The  harmful  power  of  the  \„p,  , required  for  the  overcoming  of 

the  resistance  of  fuselage,  chassis/landing  gear,  th=«  tail  boom  and 
other  parts  of  the  helicopter  (with  the  exception  of  rotor)  in  flight 
at  speed  of  V,  it.  can  be  determined  by  formula 


(19.26) 
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Substituting  the  value  of  XBp  from  experimental  aa  r od  y n am  ic 
and  converting  expression,  we  obtain 


AT  =c  F tlV'  V ■■ 

' »p  2 * 


■fx  ,VF  (^")* 


<>V» 


(19.  27) 


where 


Here  Cr*p  are  the  total  coefficient  of  the  parasite  drag  of 
the  celi/eleeents  ot  helicopter  pointed  out  above,  determine!  in 

<T  , C*iSl 

formula  r„p  = — - — , where  the  c,«  and  S(  are  drag 
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coefficients  and  the  characteristic  areas  of  the  cell /elements  in 
question  (respectively  for  a tuselage  - the  area  of  maximum  cross 
section,  tor  a tail  Doom  - the  moistened  surface,  etc). 


From  formula  (19.27)  it  follows  that  the  harmful  power  is 
proportional  to  the  cube  of  the  forward  velocity  of  motion  (see  Fig. 
19.4)  and  that  the  A/»p  decreases  with  an  increase  in  altitude. 
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The  curve/yraphs  of  a change  in  the  requited  power  of  helicopter 
and  its  constituting  [inductive  (19.21),  profile  (19.25)  powers  and 
power  of  parasa  te  drag  (19.27)  ] depending  on  flight  speed  ate  jiver 

in  Fig.  19.4. 


Available  power. 


By  the  available  power  of  helicopter  rotor,  is  unierstoou  the 
power,  applied  to  the  shaft  of  rotor  from  engine  plant  and  expenued 


on  the  r ot  a t ion/r  e vol  ut  ion  of  rotor.  The  available  poK?r  ot  the  rotor 
of  AfTp  is  less  tnan  ttie  effective  shaft  horsepower  of  the  engine  o i 

the  N.: 


where  the  A'Br,  ,VTp,  Noxn,  /V„p,  JVP.B  are  the  powers,  spent  respectively  on 
the  suction  of  air,  on  friction  in  transmissions,  on  engine  coolina, 
on  different  drives  and  on  the  rot  a t ior/re vol ut ion  of  tail  rotor  in 
the  helicopters  of  sing le— rotor  design.  All  power  losses  enumerated 
above  can  be  considered  with  the  aid  of  the  coefficient  of  the  uso  of 
a power  £.  then  formula  (19.28)  will  take  form 

'VP=»'V,f.  (19.29) 
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T'fe  coefficient  of  the  use  of  a power  of  engine  it  is  possible 
to  present  in  the  foLm  of  dependence  on  the  coe  ff  ic  len  t of  losses 

(19.30) 

where  =*5,c  + 5,p+  W,  + '„p  +5P.  .. 


The  average  value  of  the  coefficient  of  the  use  of  a power 
equally  to  ( = 0.  ys-O-OO  and,  correspondingly,  the  average  valu»  of 
the  coefficient  of  the  losses  of  |„=0.25  f-0,20.  Average  values  of  the 

loss  factors  the  following:  |>r  = o,02,  |TP=0,07,  |ox.i  = 0,05,  |up-0,01,  g,,  ,=0.08. 

The  a noun  t of  entering  in  expression  for  determining  |n 
coefficients  and  their  values  depend  on  the  diagram  of  helicopter-  As 
an  example  it  is  possible  to  give  the  values  of  the  loss  factors  for 


Ai‘  —t* , 

the  helicopter  irtr — tor  which  the 

5., -0,021,  lrp-0.03.  |„x.,*0, 02,  £np  = 0,01;  |p,  depends  on  flight  speed:  with  V 

0 Sp » =* 0,09,  with  V = 270  km/h  and  |p,-0,034.  with  V = 320  km/h  of 


with  V 
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The  value  of  the  engine  output  of  N,  depends  on  the  engine 
power  rating,  on  height/altitude  and  flight  speed.  As  luring 
determination  effective  power  the  engines,  es t a bl ished/ins t a L led  on 
aircraft,  the  power  of  the  N,  of  the  engines  of  helicopters  is 
deter mined  from  the  altitude-speed  engine  characteristics.  The 
general  view  of  the  dependence  of  available  power  on  flight  speed  for 
the  fixed  height/altitude  is  shewn  in  Fig-  19.4-  Figure  19.5  shows 
the  required  and  available  powers  of  the  flight  of  helicopter  with 
sea-level  engines  at  different  height/altitudes  (available  powers 
with  an  increase  in  altitude  decrease). 
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The  obtained  above  values  required  and  available  powers  make  it 
Possible  to  ex*mine  the  basic  flight  conditions  of  helicopter  and  *o 
determine  its  flight  characteristics. 

$ 19.  3.  Helicopter  characteristics  in  the  noverings  and  vertical 
cl imb. 

While  hovering*  the  harmful  power  of  helicopter  is  equal  to  zero 
and  required  power  is  ccmposed  of  inductive  and  profile.  By  taking 
into  account  the  value  of  Ninf  (19.20)  and  of  Nnp.nr.  (19.24), 
let  us  write  expression  for  a required  power  at  the  height  different 
from  zero: 

Vn  H “ A/"  “,r#‘j7f  + “J2-  o/rt*«A  (•#)»,  ( 19. 3 1 ) 


where  the  0 are  inductive  power  while  hovering  of  the  Earth, 
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since  with  h 3 iy h t/alt i tude  required  power  increases,  and 
available  decreases,  there  is  a ceiling,  called  the  .static  exility  of 
helicopter  at  which  is  attained  th  hovering.  At  the  heigh t/al t it ude 
of  static  ceiling  required  and  the  available  powers  are  *qual. 


The  proximity  effect  of  the  Earth  vecy  strongly  shows  up  in  the 
thrust  levels  and  required  power.  Near  the  Earth  the  induced 
velocity,  created  by  rotor,  decreases  as  a result  of  the  brakinq 
effect  of  the  Earth.  A decrease  in  the  induced  velocity  of 
(i'jj<y<i)  leads  to  an  increase  in  the  true  angles  of  attack  of 

cross  sections  (Fiq.  19.6).  Respectively  change  the  value  and  the 
direction  of  the  aerodynamic  force  R.  In  summation,  near  the  Earth 
increases  the  thrust/rod  under  almost  constant/invariable  resisting 
force  to  r ota t ion /re vo 1 ut i on  (constant  required  power).  Therefore,  if 
available  power  is  constant,  then  with  approach/approximation  to  fhe 
earth/ground  propeller  thrust  increases,  nut  if  we  preserve  th^ 
thrust/rod  of  constant,  then  ciue  to  the  effect  of  th»  Earth  decreases 
required  power. 
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Pig-  19.6.  Proximity  effect,  of  the  Earth  on  angle  of  attack  ana  the 
resultant  of  Hade  element  (index  “2"  - taking  into  account  the 
proximity  effect  of  the  Earth)  . 


Key:  (1).  propeller  axis. 


Fig.  14.  7.  The  proximity  eftect  of  the*  Earth  on  thrust/rod  and 
carrier  output  sere w/propeller  (P  and  N are  a thrust/rod  and  power 
taking  into  account  the  proximity  effect  of  the  Earth;  pu  and  sm 
- thrust/rod  and  power  not  allowing  for  the  proximity  effect  of  the 
Earth;  h/P  is  a relative  distance  of  rotor  from  the  Earth)  . 
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A decreas®  in  tap  required  power  with  constant  propeller  thrust 
occurs  as  a result  of  a decrease  in  the  inductive  power  with  a 
decrease  in  the  induced  velocity.  The  physical  picture  of  the 
proximity  effect  of  the  Earth  on  the  induced  velocity  of  rotor  is 
similar  to  the  effect  of  the  Eaith  on  downwasn  and  respect  i vel  y - for 
the  inductive  reactance  of  win).  The  quantitative  results  of  the 
effect  of  the  E*rth  on  the  characteristics  of  rotor  ire  gi v?n  in  rip. 
19.7. 


The  qiven  dependences  show  a considerable  decrease  in  the 
required  po*er  near  the  Earth,  which  makes  it  possible  to  accomplish 
takeoff  and  hoverinq  of  the  Earth  at  less  powers.  A thrust 
augmentation  of  rotor  near  the  Earth  substantially  gears  down  of 
vertical  descent  under  the  conditions  of  autog yrat ion. 

Under  the  conditions  of  the  vertical  steady  climb,  the  mass  flow 
per  second  of  the  air,  which  takes  place  through  the  rotor,  is  more 
than  while  hovering,  since  during  lift  manifests  itself  the 
appearance  of  a speed  of  external  flow.  Consequently,  in  this  case 
for  producing  the  same  thrust/rod  will  be  required  less  induced 
velocity,  than  while  hovering-  As  a result  of  even  distribution 
according  to  the  rotor  disk  of  the  speed  of  external  flow»  the 
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nonuniformity  of  flow  after  rotor  during  lirt  decreases  so,  that 
during  analysis  and  performance  calculation  of  helicopter  under  the 
conditions  of  flignt  it  is  possible  to  consider  flow  after  ro+or 
uniform. 


The  speed  of  the  vertical  steady  climb  of  Vv  can  be  determined 
from  equations  of  motion  (19.2). 


Page  344. 


Since  in  this  case  axle/axis  Ox  coincides  with  vertical  line,  the 
first,  equation  of  system  (19.2)  by  analogy  with  conversion  (19.4)  it 
is  possible  to  convert  to  form 


or 


A,p  = (^«,p+  0)  l/»+  + A'np 

Nf—  XmtVy  + N,  + Arnp + O'  Vy  = N„  + G V„ 


(19.32) 


whence 


a 


(19.33) 
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where  the  A'p>  and  N„  it  coincides  the  available  and  required  | ow-l 
respectively  at  the  height/altitude  in  question  during  the  assigned 
state  or  motion. 


From  formula  (19.33)  it  follows  that  the  static  ceiling  of 
helicoptet  can  be  defined  a^  h»  ight/ait itude,  at  which  Vy^O. 


C 19.4.  Lift  of  helicopter  along  inclined  trajectory. 


During  tne  analysis  of  the  lift  of  helicopter  of  inclined 
trajectory  the  greatest  practical  interest  they  represent  such 
characteristics  is  the  maximum  vertical  velocity  of  yymax< 
trajectory  speed,  by  which  is  reached  yylMX,  and  fhe  maximum 
altitude,  which  cat.  be  reached  during  inclined  lift,  or  the  so-called 
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service  ceiling  of  the  helicopter  of  H%. 

i 

i 

the  vertical  velocity  of  gggg  the  steady  climb  of  the 

helicopter  along  inclined  trajectory  can  be  determined  from 
transformed  equation  of  motion  (19.5) 


,VF= X„V  + G sin  81/  + W,  -f  Nrf,  ( 19. 34) 


in  which 


V sin  8=1/*, 


a the  sum  of  the  remaining  terms  of  the  right  side  of  aquation 
(19.34)  it  is  required  power  in  horizontal  flight  condition  (19.6) 

Hence 

, 'H  p — A^n.r.n  i/V 

v' a "7T* 
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after  determining  by  the  curves  of  required  thrusts  and 
available  powers  (Fig.  19.4)  excess  horsepower  AN,  it  is  possible  to 
calculate  Vy  at  the  iitferent  velocities  of  flight  from  trajectory. 
It  is  obvious,  the  vertical  velocity  it  will  be  maximum  with  maximum 
AN.  The  maximum  margin  of  power  will  be  at  the  flight  speed,  waich 
corresponds  to  the  minimum  required  power.  This  speed  is  called  t he 
economic  speed  of  V»*,  by  analogy  with  the  economic  speed  of 
aircraft,  at  which  the  Na  has  the  minimum  value. 
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Thus,  the  flight  of  helicopter  at  the  maximum  vertical  velocity 
corresponds  to  flight  at  economic  speed.  Let  us  note  that  max 
during  lift  in  an  Inclined  trajectory  is  greater  than  Vy  max  during 
vertical  lift  (see  Fig.  19-8),  since  in  the  case  of  lift  along 
inclined  trajectory  required  power  is  less  and,  therefore,  more 
excess  horsepower. 

Witt  an  increase  jt  height/altitude  minimum  require!  power 
increases.  A change  in  the  available  power  in  height/altitudes 
depends  on  t.he  type  of  the  engine,  established/installed  on 
heiiccpter.  So  for  a helicopter  with  piston  sea-level  engine  the 
available  power,  the  roargin  of  po«er  and  the  vertical  velocity  of 
Vy  with  an  increase  in  altitude  decrease. 


During  the  setting  up  of  high-altitude  piston  engine,  the 
available  power  increases  to  the  f ull- throt.  tie  height  of  engine, 
which  leads  to  an  increase  in  the  margin  of  power  and  the  vertical 
velocity  (Fig.  17.  d - dotted  line).  After  the  full-throttle  height  ot 
engine,  the  available  power  falls  and  this  it  leads  to  a decrease  in 
the  vertical  velocity. 


The  character  of  a change  in  the  vertical  velocities  it 
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height/altitudes  luring  the  setting  up  of  turboprop  or  turbojet 
engines  also  is  determined  by  the  character  of  a change  in  the 
available  powers  in  he ight/alt itudes. 


On  the  service  ceiling  of  helicopter,  the  margin  of  power  and 
the  vertical  velocity  during  lift  along  inclined  trajectory  are  equal 
to  zero  (see  Fig.  17. d)  and  helicopter  it  can  accomplish  level  fliaht 
only  at  the  velocity,  equal  economic  ggggg.  With  an  increase  in 
altitude  of  flight,  the  economic  speed  grow/rises;  a change  in  the 
Van  *ith  height/altitude  can  be  calculated  by  formula 


— U- 

o™  ( _j 


(19.36) 


/ft  the  known  values  of  y from  height/altitudes  it  is  possible 
to  determine  the  duration  of  ascent  of  helicopter,  i.e.,  to  construct 
to  the  barogram  of  lift  by  the  method,  presented  in  chapter  IV.  IA'3 


end  section 
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19. S.  The  maximum  speed  of  helicopter.  Speed  range.  Limitation  of 

maximum  speed. 

The  mode/conditions  of  the  maximum  speed  of  helicopter  in  level 
flight  can  be  obtained  in  such  a case,  when  engine  is  in  full 
production,  and  therefore  applied  to  rotor  power  (had)  has  *-  he 
maximum  value.  During  the  steady  flight  in  maximua,  speed,  the 
available  power  is  equal  required  and,  therefore,  the  maximum  speed 
can  be  determined  by  the  point  of  intersection  of  the  curved  required 
and  available  powers,  constructed  for  a series  of  height/a  It  it  udes 
they  can  have  different  character  depending  on  the  type  of  the 
engine,  established/installed  on  helicopter.  During  the  set-ting  up  of 
piston  forced-induction  engine,  the  maximum  speed  increases  to  the 
rated  altitude  of  engine,  and  then  it  falls  (Fig.  19.10),  since  the 
power  of  engine  after  rated  altitude  intensively  decreases. 

If  we  enter  on  this  same  graph  the  rate  of  climb  of  Vms,  then 

on  service  ceiling  Vma,*=V»,. 
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Fig.  IS. 4.  Diugrim  ol  the  determination  of  the  maximum  and  minimum 
speeds  of  level  fliqht. 

Key:  (1)  . kw.  (2)  . m/s. 


Fig.  IS.  30.  Speed  range  on  height/altitudes  for  a helicopter  with  PD 
f H JR  * instrument  panel]  (engine  high-altitude)  and  TVD  [ TB  J3- 
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turboprop  enyine]  (dotted  line; 


Key;  (1)*  m/s . 
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In  order  to  determine  the  speed  range  of  helicopter,  i*  is 
necessary  to  raveal  a change  in  the  maximum  speed  of  iev^l  flight 
with  height/alt itude.  Since  to  the  height/altitude  of  static  ceiling 
helicopter  has  the  capability  to  zoom,  its  minimum  speai  to  this 
heigh t/ait it ude  is  egual  to  zero.  Higher  than  static  ceiling  hovering 
is  impossible,  and  flight  can  be  realized  only  in  the  presence  of  the 
horizontal  speed  which  must  be  more  than  minimum  speed  (see  Fig. 
19.10).  With  an  increise  of  height/altitude#  the  l^mm  increase.,  up  to 
the  service  ceiling  where  the  V'min=V/m»»  = ^w-  Speed  range  on 
height/altitudes  in  the  case  of  setting  up  on  the  helicopter  of 
turboprop  engine  is  shown  by  dotted  line  in  Fig.  19.10. 


the  maximum  speeds,  obtained  from  the  condition  ot  using  a total 
power  of  engine,  in  the  majority  of  cases  cannot  be  reached  ir. 
practice,  since  with  an  increase  in  the  velocity  appears  a vnole 
series  of  the  adverse  phenomena  (flow  separation  on  nlate/vane, 
structural  distortion,  the  appearance  of  shock  waves),  for 
elimination  of  which  it  is  necessary  to  restrict  maximum  speed , 
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Fig-  19.11.  Position  of  the  zone  of  reverse/inverse  flow  and  7one  ot 

disrupt  ion/separat  ion. 

Key;  (1)  km/h. 
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The  maximum  speed  of  helicopter  is  restricted  on  flow  separation 
on  the  blade/vane,  which  goes  back/ago,  and  over  the  end  >lach  number 
on  the  blade/vane,  which  goes  forward. 

Let  us  examine  the  limitation  of  maximum  speed  on  flow 
separation  on  the  g ting  back/ago  blade/vane. 

The  blade/vane,  which  goes  back/ago,  is  the  blade/vane, 
peripheral  speed  which  at  the  point  in  time  in  question  is  directed 
opposite  to  flight  speed.  The  blade/vane,  which  goes  forward,  is  the 
blade/vane,  peripheral  speed  of  which  at  this  torque/moment  coincides 
with  direction  flight  speed-  So,  at  azimuthal  angle  of  0 < if?  < * 
blade/vane  goes  forward  a at  angle  ir  < ^ < 2n  blade/vane  it  goes 
back/ago  (Fig.  19.11).  The  blade/vane,  which  goes  back/ago,  has  a 
zone  of  the  lowered/reduced  velocities  of  airflow,  sine?  the  blade 
lift  depends  on  the  velocity  of  airflow,  on  the  blade/vane,  which 
goes  forward,  it  will  be  more  than  on  the  blade/vane,  which  goes 
back/ago.  In  the  presence  of  flapping  hinge,  the  forwari  going 
blade/vane,  which  develops  large  lift,  will  wave  upward,  but  the 
back/ago  going  blade/vane,  which  develops  less  lift,  will  be  omitted. 
This  leads  to  a decrease  in  the  angles  of  attack  of  the  cross 
sections  of  the  forward  going  llade/vane  and  tc  an  increase  in  the 
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angles  of  attack  of  the  cross  sections  of  the  back/ago  going 

blade/va  ne. 


As  a result  of  the  stroke  of  the  down  Dack/ago  going  blade/vane 
(see  Fig.  19.11,  V,  = 150  k ro/h ) on  its  end  part  the  angles  of  attack 
can  become  nigher  than  critical,  which  will  lead  to  flow  separation 


in  this  area 
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Fiy . . -T§.  1 2 . Limitations  of  the  maximum  speed  of  helicopter. 


Key:  (1).  Stall  limit.  (2).  Limitation  accordinq  to  mach  number.  (3) 
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The  t-'nerg^nca  cf  1 isr upti on/separat ion  precisely  on  the  tip  part 
of  the  blade/vane  is  explained,  in  the  first,  place,  by  the  fact  that 
on  end  cross  sections  arc  developed  the  greatest  peripheral  speed, 
which  causes  a great  in  creasy- 'in  the  angles  of  attack,  and,  in  the 
second  place,  fact  th.cvt"’  t hese  cross  sections  have  the  top  speed  of 
lowering,  a Isjv’d  era  use  of  this  the  greatest  increase  in  the  angles 
of  at t^-erf*. 


With  an  increase  in  the  velocity  of  flight,  the  speed  of  the 
stroke  of  the  down  bacx/ago  going  blade/vane  increases.  This  leads  *-o 
an  even  larger  increase  in  the  angles  of  attack  and  to  the  expansion 
of  the  zone  of  end  breakaway,  and  also  the  zone  of  the 
re  verse/inverse  flow  about  the  root  part  ol  the  blade/vane  (see  Fig. 
19.  1 1 , V2  = IdO  km/h)  . 


During  the  appearance  of  d isr upt i on/se pa r ati on , sharply 
grow/rises  the  resistance  of  the  back/ago  going  fclade/van«  and, 
consequently,  also  the  power,  required  for  its  rotation/revolution. 
Furthermore,  appear  the  vibrations  and  it  deteriorates 
controllability  by  helicopter- 
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Due  to  the  undesirable  phenomana  enumerated  above,  which  appear 
as  a result  of  developing  d ist upti on/separ a t i or  on  th»  blade/vane, 
which  goes  back/ago,  the  maximum  flight  speed  it  i<~,  nscessaiy  to 

restrict  (Fig.  19.12). 


With  an  increase  of  heiqht/alt ituda  for  the 
preservation/retent  ion/uiaintaining  of  equality  Y = G,  it.  is  necessary 
to  increase  the  angles  of  attack  of  the  cross  sections  of 
blade/vanes,  as  a result  of  which  with  the  same  flight  speed  the 
zones  of  disruption/separation  on  the  geing  back/a  70  blata/vane  are 
expanded.  Tn  order  not  to  allow  this,  it  is  necessary  to  decrease  *-ho 
maximum  flight  speed.  Thus,  with  an  increase  in  altitude  the  maximum 
speed,  limited  by  breakaway,  decreases. 


one  of  the  methods  of  separation  delay  is  discharging 
screw/propel lor  with  the  aid  of  the  wing  cf  a comparatively  small 
area  (for  <’xaniple  at  Mi-6).  with  an  increase  in  the  trajectory  speed, 
the  airfoil  lift  grow/rises,  which  makes  it  possible  to  decrease  tho 
average  lift  coefficient  of  sc  1 ew/prope  11 er  and,  consequently,  also 
the  angles  of  the  cross  sections  of  blaae/vane.  Application/use  of 
this  wing  makes  it  possible  to  increase  maximum  speed  by  2*1-  300/0.  Py 
the  effective  means  for  the  tightening  of  the  end 
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disr  uption/sepant  ion  of  the  1 ack/ago  going  blado/vane  at  high  speeds 
is  blade  twist.  For  a decrease  in  the  angles  of  attack  blade  tip  the 
blades  twist  in  such  a way  that  th^  angles  of  setting  at  the  end  of 
the  tale  are  less  than  of  root.  Application/use  of  a twist  mines  it 
possible  to  raise  maximum  speed  to  d-IOo/o. 


Page  349.  Let  us  examine  the  limitations  of  maximum  speed 

according  to  the  end  number  of  M„.  the  speed  of  the  end  cross 
section  of  the  blade/vane,  which  goes  forward,  with  = ji/2  is  equal 

to: 


Vu~Vx+Rm, 


a end  number 


a 
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with  an  increase  of  velocity  the  end  number  of  M„  it  can 
achieve  the  critical  value  at  which  appear  the  supersonic  zones  of 
flow,  shock  waves  and  wave  drag.  Furthermore,  with  a further  increase 
in  the  velocity  of  flight  and  mach  number  are  possible  the  flow 
separations  after  shock  wave,  which  leads  to  an  incidence/drop  ir.  the 
lift  effectiveness  of  screw/propeller.  The  limitation  of  maximum 
speed  according  to  mach  number  can  be  written  as 


^„rp'  M 


K . Kp 


a — AV 


where  the  M«  up  - critical  mach  number  of  end  cross  sections.  With  an 
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increase  of  flight  altitude,  the  speed  of  sound  decreases.  Thev 
decrease  also  M„  Mp,  since  increase  the  angles  cf  attack  as  a result 
ot  an  increase  in  the  angles  of  setting.  Thus,  the  rate  of  limitation 
according  to  roach  number  decreases  (Fig-  19.12). 

.£19.  b.  Heduction/descent  in  the  helicopter  with  engine  cn. 

A reduction/descent  in  the  helicopter  power-on  is  possible  bo*. n 
along  vertical  and  along  inclined  trajectory. 

Since  under  the  conditions  of  vertical  descent  the  angle  of 
attack  is  negative  and  equal  - w/2,  but  axle/axis  Ox  coincides  with 
vertical  line,  equations  of  motion  (19.1)  for  *he  case  of  the 
establish/installed  red uction/descent  take  the  form 


I 
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in  the  first  approximation,  during  vertical  descent  it  is 
possible  to  consider  that  K*»7\  and  A,p»0.  In  this  case  rejuired 
\ power  as  reguirel  power  while  hovering  (19.31),  it  is  possible 

determine  by  formula 

N,  + Nmr 


however  one  should  consider  the  induced  velocity  of  y,  during 


vertical  descent  it  decreases.  This  leads  to  a decrease  in  the 
inductive  power,  and  formula  (19.12)  assumes  the  form 


DOC  = 76251 316 


PAGE 


///Z 


N,  = T(v,-  V„), 


(19.38) 


where  the  l7. 


- the  rate  of  descent  in  the  helicopter. 
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Since  required  power  under  the  conditions  of  reduction/descent  than 
less  had,  the  rate  oi  descent  is  determined  by  negative  margin  of 
power  (19.35).  The  rate  of  descent  in  the  helicopter  with  engines  on 
must  not  exceed  3 m/s.  This  limitation  is  connected  with  the  fact 
that  a*  high  rates  of  descent  the  rotor  can  enter  into  vortex-ring 
state  . 


Vortex  ring  (Fig.  19.13)  it  is  formed  as  a result  of  the  flowing 
over  of  air  from  the  zone  of  rejection  (hearth  hy  screw/propel  lor) 
into  the  zone  of  draining  (above  the  screw/propeller) , During 
vertical  descent  the  induced  velocities  in  the  zone  of  rejection  are 
braked  by  counterflow,  in  consequence  of  which  on  certain  surface  the 
resultant  velocity  oi  flow  is  equal  to  zero.  The  surface  of  the 
stagnant  flo*  with  an  increase  in  the  rate  of  descent  approaches  a 
plane  of  the  rotation/revolution  of  screw/propeller*  thereby 
contributing  to  the  flowing  over  of  aii  from  the  zone  of  rejection 
into  the  zone  of  draining.  In  vortex-ring  state  the  power  of  engire 
partially  is  expend/consuaed  on  an  inciease  in  the  intensi-y  of 
eddy/vort«x  and  the  propeller  thrust  falls. 


External  flow  in  this  case  attacks  not  to  screw/propeller,  tu* 
to  eddy/vortex  it  flows  about  the  it  as  body.  During  the  flow  about 
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the  eddy/vortex  at  its  upper  part,  appear  the  breakaway  zones,  which 
leads  to  the  strong  agitation  of  helicopter  and  to  the  loss  of  its 
controllability.  To  avoid  these  unpleasant  phenomena,  the  rates  of 
vertical  descent  are  restricted;  is  restricted  also  the  use  of 
mode/cond itions  of  vertical  descent. 


The  basic  form  of  a reduct ion/descent  in  the  helicopter  while 
the  motor  is  running  is  the  reduction/descent  along  inclined 
trajectory  ( j ti)  < ir/2)  . As  .in  the  mode/conditions  of  lift,  in 
helicopter  in  the  mode/conu it  ions  of  a reduct ion/descent  in  the  act 
the  thrust  of  screw/propeller  t,  weight  (1  the  force  of  the  parasite 
drag  of  Xtp  (Fig.  19.  1b).  In  this  case  of  equation  of  motion,  take 
the  form 


Gslne-/-’— ,Y„p=0,  I 

Y — (.  cos  0=^0,  (19.39) 

o.  J 


• Xt  ~ 


where  P,  Y 


the  projections  of  thrust  t on  the  axis  of  wind 
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coordinate  system. 


Figure  19.14  shows  a reduction/descent  in  the  helicopter  with 
the  neqative  angle  of  attack.  The  component  ot  propeller  thrust  to 
axle/axis  Ox  is  decelerating  force. 


DOC  = 7^251336 


Page  351. 


Pig. 


19.14.  Diagia 
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With  the  slope/incl  mat  ion  of  the  plane  of  the  rota*  ion/re  volution  of 
screw/j  ropeller  forward  the  angle  of  attack  can  be  positive  and  then 
the  projection  of  thrust/rod  P it  will  become  motive  power,  “ost 
frequently  during  reduction/descent  angle  of  attack  is  close  to  zero 
or  has  small  negative  value. 


The  basic  parameters,  which  characterize  a r educt ion/ descent  in 
the  helicopter,  are  the  rate  of  Vcn  and  the  angle  of  descent  0.  The 
qualitative  and  quantitative  analysis  of  VCH  and  angle  9 can  be 
carried  out  both  through  equations  (19.39)  and  through  the  graphic 
dependence  of  the  available  and  required  powers  (Fig-  19. 15a)  under 
the  conditions  of  reduction/descent.  The  available  power  under  the 
conditions  of  reduction/descent  is  letermined  from  formula  (19.29) 
anu  depends  on  the  engine  power  racing.  The  required  power  during 
reduction/descent*  on  the  strength  of  first  equation  (19.39),  taking 
into  account  profile  and  inductive  powers  (19.5)  is  determined  by 


formula 
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or 


N,  = Ar,  + A'Bp +Xmf\'-VG  sine 
■V11  = .Vn  r „ — VGsmb. 


(19.40) 


from  formula  (19.40)  follows  that  the  required  power  under  the 
conditions  of  reduction/descent  is  less  than  the  required  power  under 
the  conditions  of  level  flight  to  value  VG  sine  0.  With  an  increase 
in  the  flight  path  angle,  the  value  of  required  power  is  reduced,  if 
by  the  chart  of  a change  in  the  required  power  it  decreases.  If  on 
the  graph  of  the  change  of  required  power  we  enter  change  had  the 
power,  then  on  the  points  of  their  intersection  (point  1,  2,  1,  4 in 
Fig.  1.15a)  it  is  possible  to  determine  the  rate  of  steady-state 
reduction/descent  at  the  fixed  flight  path  angle,  and  these  data  make 
it  possible  to  construct  the  characteristic  of  induct ion/descent 
(Pig.  19.15b).  Such  characteristics  usually  are  constructed  for  the 
different  blade  angles  of  rotot. 
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19. is.  Available  and  required  power  durinq  reduction/descent 
Characteristic  of  reduct  ion/descent  (ti)  . 


19.  16.  ?low  about  the  blade  element  durincj  autorotatior. . 


(1)  . Potational  axis.  (2)  . Direction  c£  rotation. 
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Both  under  the  conditions  of  vertical  descent  and  under  the 
conditions  of  reduction/descent  along  inclined  trajectory  for  the 
horizontal  and  vertical  components  of  rate  of  descent  there  are 
limitations,  which  have  as  a goal  to  avoid  the  transition  of  rotor  to 
vorte x- ring  state. 

% 

19.7.  a reduction/descent  in  the  helicopter  under  the  conditions  of 
autorotation. 


The  work  of  the  rotor  of  helicopter  under  the  conditions  of 
autorotation  is  characteristic  tact  that  the  olade/vanes  rotate 
because  of  the  energy  of  the  incident  flow,  creating  in  this  case 
t.hrust/rod  without  supply  of  power  from  engine.  This  property  of 
rotor  makes  it  possible  for  helicopters  to  accomplish  sate  landing 
with  the  failure  of  engine,  with  a breakage  in  the  tail  rotor,  its 
transmission  or  the  main  shaft  of  screw/propeller.  For  *he 
determination  of  conditions  under  which  is  possible  the  au  ♦■orotation 
of  rotor,  let  us  examine  the  cell/element  of  its  blade/vane  during  a 
vertical  descent  in  the  helicopter  (Fig.  19.1b).  The  rata  ot  flow  w 
is  equal  to  vector  sum  circular/neighboring  ro>,  vertical  Vv  and 
inductive  the  ot  rates. 
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During  the  flow  the  blade  element  of  airflow  about  at  an  angle 
the  attack  of  «r  with  a velocity  of  appears  resultant  force  F 
whose  projections  or.  the  axis  of  the  velocity  coordinate  system  are 
equal  %o  the  lift  force  of  Y relative  to  screw  axis  is  equal  to  the* 
angle  of  indraft  of  jet  0;  the  angle  between  resulting  R and  lift  \ 
the  we  designate  through  \|:. 


Page  J5J. 


The  values  of  angles  0 and  x depend  on  the  angle  of  attack  of  blade 
element,  the  equal  to  the  sum  of  angles  of  setting  of  blide/van(* 

and  of  inriow  0,  i-e-,  or  = |i  + <p 


If  P >•♦.  then  resulting  r has  this  slcpe/incl  ina  t ion  as  this 

shown  in  Fig.  19.1b,  and  its  projection  R sine  (0  is y')  on  the  plane 
of  rotat lon/re volut ion  causes  the  rotary  acceleration  of  blade/vane 
(at  the  plan«  of  rotation/revolution  lie/rests  peripheral  speed  ru>)  . 
If  0 < V,  then  force  a is  deflected  frem  screw  axis  to  left  side  ^nd 
its  projection  H sine  (0  isy>)  causes  braking  screw/propeller.  <4ith 
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equality  p and  'Y  the  angular  Late  ot  rotation  of  blade/vane  will  br 
constant.  Thus,  tne  values  ot  angles  9 and  determine  the 
mode/cond it  ions  of  the  rotation/revolution  of  propeller  blades. 

Angle  Y*  as  this  follows  from  figure  19.1f>,  is  equal 
n c x 

<j»=arctg  — =arctR and  depends  on  the  angle  of  attack  of 

Y Cy 

blade  element.  With  an  increase  in  the  angle  of  attack,  up  to  annua 
angle  y decreases;  with  a further  increase  in  the  a,  angle 
increases  as  a result  of  an  intense  increase  in  the  cx  (Fig. 
19.17).  The  angle  p also  is  deter mined  by  the  angle  °t  ar  in 
accordance  with  the  expression  of  ft=ar — T- 

compare  a change  in  angles  of  '1^  and  9 a in  dependence  on  «r. 

The  graph  of  the  change  ot  angle  P on  ar  takes  the  form  of 
straight  line,  directed  to  the  axle/axis  of  a,  at  an  angle,  equal 
to  »/4  rad.  Ugol  9=0,  when  the  a,**<p.  i-e.,  the  zero  value  of 

angle  p is  determined  by  point  on  the  axis  of  the  ar,  in  which 
a,  = <f ■ With  an  increase  in  the  angle  of  the  setting  of  blade/vane, 

straight  line  p=a,  — q>  is  shift/sheared  to  the  right  from  the 

origin  of  coordinates  (see  « = * 2)  . 
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By  comparing  a change  in  the  \|5=/(«r)  and  P=/i(«')<  *e  come 
to  the  conclusion  that  in  certain  range  of  the  angles  of  attack  of 
the  a-.  which  correspond  to  points  a and  b,  and  at  preset  an  jit  * = 
* x the  angle  t3  is  greater  tban  angle  of  and,  therefore,  projection 
R sine  (B  is^)  it  contributes  to  the  rotation/revolution  of 
propeller  blade.  The  noted  range  of  mode/co nd it  ions  is  called  the 
mode  of  autorotation,  or  of  the  autogyration  of  rotor,  and  the 
diagram,  presented  in  Fig.  19.17,  it  is  called  the  diagram  of 
autor  otat  ion.  The  angles  of  attack  of  ar0  and  arh,  which  correspond 
to  points  a anu  b,  are  characterized  by  the  e stab  1 ish/i ust a 1 led 
autorotation  - stable  at  point  a and  unstable  at  point  b.  Let  us 
expla  in  this. 

At  the  angle  of  attack,  greater  than  om.  the  angular  rate  of 
rotation  of  biade/vane  increases,  which,  in  turn,  leais  to  an 
increase  in  the  induced  velocity  of  tg;  with  an  increase  in  *he 
induced  velocity  (see  Fig.  19.1b)  angle  0 it  decreases  and, 
therefore,  they  decrease  projection  by  resulting  R sine  (p  lsl^)  and 
the  rate  of  autorotation.  With  an  angle  of  attack  less  than  ara. 
decrease  angular  velocity  of  rotation  of  blade  and,  therefore, 
induced  velocity  the  tg.  With  a decrease  in  the  y,  increase  t h® 
vertical  velocity  of  V¥  and  the  angle  0,  which  leads  to  an  increase 
in  the  angular  rate  of  rotation  of  blade/vanes  and  return  to  the 
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■ode/conditions  of  the  establ  ish/i nstal led  au  torotation , which 
corresponds  to  point  a. 
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Page  354. 


fig.  19.17.  Diagram  of  autorotation. 

Key:  (1)  Area  of  the  being  accelerated  autorotation. 
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By  similar  considerations  it  is  possible  to  show  that  at  point  b the 
establish/installed  autorotation  is  unstable. 


From  the  given  in  Fig.  19.17  diagram  of  autorotation,  it  follows 
also  that  if  the  blade  angle  increases,  then  the  range  of 
autorotation  decreases  and  with  <p  = «pm»*  the  autorotation  is  possible 

only  at  one  unique  value  P (point  c) . 


Thus,  at  the  low  values  of  the  blade  angle  of  the 
screw/prope 1 ler  of  characteristic  autorotations  will  be  most 
favorable:  therefore  upon  transition  from  power-on  flight  to  windmill 
brake  conditions  necessary  to  decrease  the  blade  angles  of 

sCr^w/propeller. 


One  should  consider  that  the  given  analysis  is  bygone  is  given 
for  the  chosen  blade  element.  But  if  we  examine  the  relationship 
between  angles  p and  gggq  for  the  cross  sections,  arra nga/loca ted  at 
different  distances  from  screw  axis,  then  at  the  definite  rates  of 
descent  in  the  cross  section,  arrange/located  nearer  to  root  part  and 
having  less  peripheral  speed,  will  have  wide  angles  3,  than  end  cross 
sections.  It  can  happen  so  that  for  more  close  to  the  screw  axis  of 
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the  cross  sections  o f 0>*.  and  tor  end  p<*|>  and  then  about  the 

autogyration  of  rotor  it  is  possible  to  speak  only  when  the  torque  of 
blade/vane  will  be  wore  than  moment  of  resistance. 


For  determining  the  rate  of  descent  in  the  helicopter  from 
vertical  line,  it  is  convenient  to  consider  autorotation  of  the  rotor 
as  disk,  which  creates  resistance-  During  the  establish/installed 
reduction/descent  the  resistance  of  scr ew/pro pe  ll®r  is  equal  to  th<* 
weight  of  helicopter.  The  resisting  force  of  screw/pr op^ller  can  be 
presented  as 


AW. 


F = G. 


whence  the  rate  of  vertical  descent 
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(19.41) 


where  the  c*  - tue  drag  coefficient  of  the  screw/propeller  which, 
according  to  the  experimental  data,  on  the  average  is  equal  to  1.3. 

The  rate  of  Vy  of  the  Earth  is  equal  to 


V^l.lVT,  (19*42) 


where  p = G/F  - specific  load  on  screw/propeller. 


I 


i 
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Page  J55. 

Formula  (19.42)  does  not  consider  the  effect  of  the  Earth  or  the 
characteristics  of  screw/propeller. 

I 

Por  a decrease  in  the  V'„  during  landing  it  is  possible  to  use 
the  so-called  detr iment/blasting  of  helicopter,  which  entails  a sharp 
increase  in  tha  blade  angle  of  screw/propeller  during 
approach/appro*imation  for  the  ear t h/ground , which  makes  it  possible 
to  short-term  increase  t.hrust/rod  and  for  its  count  to  considerably 
decrease  the  rate  of  descent. 

During  the  application/use  of  this  procedure,  it  is  necessary 
aost  accurate  possible  to  calculate  torque /moment  and  duration  of 
detriment/blasting,  since  with  prolonged  detr i ment/bla st in q along  a 
reduction/descent  in  the  vertical  velocity  decreases  number  of 
revolutions  in  connection  with  the  increasing  resistance  of 
blade/vanes,  but  due  to  this  falls  thrust/rod  and  again  increases 
rate  of  descent. 
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Vertical  rate  of  descent  can  be  decreased  also  by  transition 
from  vertical  descent  to  reduct ion/J escent  in  inclined  trajectory 
under  the  conditions  of  autorotation  the  physical  flow  pattern  of 
blade/vane  more  complex  than  during  vertical  descent,  is  explained 
this  by  the  change  of  the  rate  of  the  flow  about  the  blade/vane  in 
its  different  azimuthal  positions  and  by  the  presence  of  the  stroke 
of  blade/vanes,  what  during  vertical  descent  no.  However,  the 
qualitative  side  of  the  examined  autorotation  under  the  conditions  of 
vertical  descent  remains.  The  minimum  vertical  rate  of  descent  in 
flight  along  inclined  trajectory  usually  is  considerably  lower  than 
the  vertical  velocity  during  vertical  descent.  The  minimum  vertical 
rate  of  descent  is  possible  in  flight  cf  helicopter  at  economic 
speed.  This  is  explained  by  the  fact  that  under  these  conditions  the 
required  power  ror  a flight  with  the  free-running  speed  of  has 

the  minimum  value  (Fig.  19. b) . For  accompl ish inq  landing  "like  and 
aircraft"  at  helicopter  must  be  the  running  landing  gear  in  order 
that  it  could  after  touchdown  complete  range/path  on  the 
earth/qround. 


19.8.  Distance  and  the  duration  of  flight  of  helicopter. 


Hourly  fuel  consumption  for  the  helicopter  of  can  be 
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expressed  through  the  specific  fuel  consumption  of  fuel  by  the  engine 
of  c,  and  the  power  of  the  engine  of  the  \'e: 


q^c,N,. 


during  the  steady  flight 


where  £ is  expressed  the  coefficient  of  power  losses. 


Then 


a — CtNf 

q'  i — r 


(19.43) 
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Page  356. 


The  fuel  consumption  per  kilometer  for  a helicopter 


(19.44) 


from  known  4%  4«  and  0 T is  defined  duration  of  flight  in  the 
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and  its  distance  the  km: 


as  it  follows  from  expression  (19.43),  the  hourly  consumption  ot 
fuel/propellant  depends  on  c„  Nn  and  P.  if  we  in  the  first 

approximation,  consider  c , and  f.  constants,  then  the  hour  of  the 


consumption  of  fuel/propellant  will  be  proportional  to  required  power 
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and  the  character  of  its  chanye  depending  on  speed  it  will  be  the 
same,  as  and  in  these  conditions  the  minimum  value  of  tne  hourly 

consumption  of  the  fue  1/propel  lan  t of  <7,  corresponds  (Fig. 

19.5)  . 


The  expendit ul e/consum ption  per  kilometer  under  these  conditions 

(Nn  \ 

-j7iL  •.  Graphically 

* 1 min 

this  Bode/conditions  is  determinea  by  the  point  of  contact  of  the 
tangency  of  straight  line,  carried  out  from  the  origin  of 
coordinates,  from  curved  required  power,  i.e. , for  achievement  of  the 
maximum  range  of  flight,  speed  must  be  higher  than  economic  (Fig. 

19.9)  . 


If  on  helicopter  is  establ  ished/itistal  led  sea-level  engine,  then 
with  an  increase  in  altitude  the  specific  consumption  of  the 
f uel/prope  11a nt  of  c*  and  the  minimal  required  power  of  JVnmm 
increase.  As  a result  with  an  increase  of  height/altitude,  increases 
ihe  minimum  hourly  consumption  of  fuel/propellant. 


An  increase  in  the  fuel  consumption  per  kilometer  with  an 
increase  of  the  haight/altitude  less  is  intense,  than  of  hourly 
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consumption,  since  with  an  increase  in  the  c,  with  an  increase  of 
height/altitude  the  relationship  of  the  somewhat 

decreases  (Fig.  19.9).  Thus,  for  a helicopter  with  low-leve]  pistoi. 
engine  the  distance  and  duration  of  flight  will  he  maximum  of  the 

Earth. 


During  setting  up  on  the  helicopter  of  f orced- ind uct i on  engine 
of  I —.s.  \ and  the  c*  decrease  to  rated  altitude  and  the 

l V 

cor.su  mpt  ion  per  Kilometer  on  to  rated  altitude  somewhat  less  than  of 
the  Earth. 


In  the  case  of  the  setting  up  of  turboprop  engine,  the  distance 
and  the  duration  of  flight  with  an  increase  in  the  aLtitude 
g row/rise. 
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Fig.  19.18.  Notion  c£  the  tulip  of  rotor  during  a change  in  the  angle 
of  the  slope  of  the  fuselage:  a)  starting  position;  b)  the  position 
through  the  small  time  interval. 


DOC 


762S1 3 36 


f/VY 


&ac<o 


-ncxodnoe  noname  - 
iue  6a jw 

'V 

nono*enue  darn  nocne 
omnaoieHua  w 4 1> 


(!) 

fijnocTu  Hjgpfamc* 

* "'VCKJCmU'  HOP"  J/I t- 

• ' jffli  r npoCKCCmu 
•"  wdopoma  dj/ta 

U) 

SJlcnQcmu 
naxodftmc* 

6 nrocnocmu 
no  to  pom  a da  pi 


Fig.  19..  19.  Effect  of  the  slope/inclination  of  shaft  on 
of  the  plane  of  the  rotat  ion/re  vol ution  of  rotor. 

Key:  (1).  Blade/vanes  are  located  in  the  plane,  normal 

of  the  rotation  of  shaft.  (2).  Blade/vanes  are  located 


the  position 

to  the  plane 
in  the  piano 
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of  the  rotation  of  shaft.  (3).  The  starting  position  of  shaft*  (a)  . 
Position  of  shaft  after  deflection  on 
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19.9.  Concept  about  stability  and  controllability  of  helicopter. 

We  will  be  restricted  to  the  examination  of  stability  and 
controllability  of  single-rotor  helicopter  with  hinge  fitting 
blade/vanes. 

Stability  of  helicopter  while  hovering.  The  stability  of  the 
position  of  equilibrium  of  helicopter  while  hovering  is  determined  ry 
forces  and  the  torque/moments,  created  by  rotor  during  the  action  on 
it  of  disturbance/perturbations.  If  under  the  influence  of 
disturbance/perturbations  the  fuselage  of  helicopter  and  together 
with  it  the  shaft  of  rotor  they  turned  themselves  to  anjle  Ah  = Aa 
(Fig.  19.18),  and  blade/vane  at  this  moment  was  located  in  fhe  plane 
of  the  slope/inclination  of  shaft,  i.e.,  it  coincided  with  the 
fore-and-aft  plane  of  helicopter,  equilibrium  of  forces,  acting  on 
blade/vane,  it  is  not  disturbed.  This  is  explained  by  the  fact  tha* 
the  axle/axis  of  the  flapping  hinge,  which  links  blade/vane  with 
shaft,  did  not  change  its  position.  However,  during  the  rotation  of 
blade/vane  along  azimuth  through  angle  »w/2,  fulcrum  will  br  sloped 
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to  the  angle  of  »Aa#  if  the  blade/vane  advances,  and  to  anyle  - Aa, 
if  the  blade/vane  moves  back/ago  (Eiy.  19.19)  . 


Pig.  19.  20.  Diagram  for  determining  the  damping  moment,  which  appears 
with  pitching. 
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The  emergent  cyclic  increase  in  the  litt  force  of  the  blade  of  AK., 
will  load  to  flapping  and  the  slope/inclination  of  the  tulip  of  rotor 
back/ago.  This  deflection  of  tulip  will  occur  until  the  plane  of  the 
rotation/revolution  of  blade/vanes  becomes  normal  to  shaft. 


Since  on  the  initial  position  of  equilibrium  the  thrust  line 
passed  through  the  center  of  mass  of  helicopter,  also  in  ne»  position 
it  will  pass  through  this  center.  Since  other  parts  of  the  helicopter 
of  aerodynamic  forces  are  not  created,  during  a change  in  the  angle 
of  attack  while  hovering  equilibrium  of  pitching  moments  is  not 
disturbed,  i- e.  , 


Af;=-?ik=o, 

da 


which  means  the  static  neutrality  of  helicopter  on  an^la  of  attack. 
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However,  in  this  case  tarns  out  to  be  that  which  was  disturbed 
the  equilibrium  of  forces  of  thrust/rod  and  weiqht,  as  x result  of 
which  appears  the  forward  motion  of  helicopter  back/ago.  Forward 
speed  changes  the  speed  of  the  flow  about  forward  going  and  back/ago 
going  the  blade/vanes,  which  leads  to  flapping  fclade/vanes  and  the 
deflection  of  the  tulip  of  lotor  forward.  The  thrust  line  now  passes 
after  the  center  of  mass,  creating  negative  pitching  moment,  i.e., 
the  torque/moment,  which  attempts  to  return  helicopter  to  starting 
position  on  angla  of  attack.  Consequently,  the  behavior  of  helicopter 
during  a change  in  the  angle  of  attack  is  analogous  with  the  behavior 
of  aircraft  with  bank. 

Thus  it  is  possible  to  be  convinced  of  the  neutrality  of 
helicopter  along  bank.  The  position  of  the  center  of  mass  of 
helicopter  does  not  affect  its  angle  of  attack  stability.  However,  it 
exerts  a substantial  influence  on  balance,  based  on  this  for  a 
helicopter  with  tail  rotor  desirable  that  the  center  of  mass  would  be 
arrange/]  ocated  about  the  axle/axis  of  rotor. 

Damping  the  longitudinal  (transverse)  rotation/revolution  of 
helicopter.  Above  it.  was  noted  that  during  the  instantaneous 
deflection  of  shaft  of  certain  angle  the  disk  of  rotor  follows  after 
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it  with  certain  delay,  determined  by  the  moments  of  inertia  of  blade/ 
vanes.  That  means  during  the  rotation/revolution  of  helicopter  with 
angular  velocity  (O-*  # the  rotor  disk  will  be  delayed  by  an  angle  of 
*Fig*  19*20)  , depending  on  U)z  (this  will  be  seen  during  hel- 
copter  rotation  relative  to  the  longitudinal  axis  at  the  angular 
velocity  of  Ui ^ ) . 

Page  359. 


If  we  designate  the  angular  rate  of  rotation  of  the  rotor  of 
10^  and  to  eguate  torgue/momerts  froir  the  centrifugal  and 
aerodynamic  forces  of  the  relatively  rlapping  hinge  of  blade/vane, 
then  we  will  obtain  dependence 


where  the  — » -f-*0,7*1—  - the  characteristic  of  the  mass 

7 22r.ui 

distribution  of  blade/vane;  Jrm  - the  moment  of  the  mass  inertia  of 
blade/vane  relative  to  the  axle/axis  of  flapping  hinge. 


# 
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FOOTNOTE  >•  To  A-  Gesso,  ti.  neyers.  Aerodynamics  of  helicopter.  f*.r 
Oborongir,  1^54.  ENDFOOTNOTe. 


Then  according  to  Fig.  19.20  damping  moments  is  equal  to 


**,—**!>,  — — PyA-=  — Py*  — *,.  (19.45) 

T“h 


similar  dependence  it  occurs  lor  the  t cr que/raomen t of  roll 

damping 


M^-Py,- i— 

T“'« 


(19. 46) 
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from  formulas  (19.45),  (1  9.46)  it  follows  that  pitch  damping  and 

bank  is  more  of  helicopter  with  the  low  angular  rate  of  rotation  of 
the  rotor  of  CU^f  a nd  relatively  larger  blade-mass  factor  1 / y.  For 
the  t arget/purpose  of  an  increase  1/y  on  some  helicoDters,  are 
applied  the  gyroscopic  stabilizing  tods. 


! 


Characteristics  of  the  longitudinal  disturbed  motion  while 
hovering.  The  approximate  equations  of  the  disturbed  motion  in  the 
initial  state  ot  equilibrium  while  hovering  in  the  connected  with 
helicopter  coordinate  system  can  be  written  in  the  form 
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y/rv' 


— G A ft 


dlV 

dt 


a fV'  |*  I • rfii  , 

Af*  Av  +Af,* = 7, 

* </<  ' dtl 


(19.47) 


by  the  equation  of  normal  forces  in  this  case  it  is  possible  to 

disregard. 


Tie  characteristic  determinant  of  system  (19.47)  tines  the  tou 


At. 


At, 


b = P* P + K-j-  . 

* l •! 


(19.  48) 


j 
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where  p - roots  the  ot  characteristic  equation. 

By  equating  a to  zero  and  by  analyzing  the  roots  of 
characteristic  equation  (see  Chapter  XIV) , we  come  to  the  conclusion 
that  the  disturbed  motion  is  composed  of  oscillatory  and  aperiodic 
motions.  On  the  basis  of  the  criterion  tor  Ra uss- Gurvi t s (see  Chanter 
VIII)  we  are  convinced  that  the  oscillatory  motion  is  unstable. 

Page  360. 

the  oscillatory  period  of  oscillations  can  be  determined  in  the 
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first  approximation,  if  we  accept  the  7,*=0: 


(19.49) 


where  Q0  is  circular  oscillation  frequency- 

stability  of  tne  rectilinear  steady-state  motion  of  helicopter. 
Static  angle  of  attack  stability.  If  in  the  forward  motion  of 
helicopter  at  rate  V angle  of  attack  of  fuselage  increased  on  Aa, 
then  appear  the  longitudinal  static  moments,  caused  by  rotor, 
fuselage  and  stabilizer  (in  the  case  of  the  presence  of  the  sane). 

The  torque/moments,  created  by  rotor  and  fuselage,  are  destabilizing. 
The  pitching  moment  of  fuselage  is  analogous  to  the  pitching  moment 
of  fuselage  for  an  aircraft. 


With  an  increase  in  the  angle  of  attack,  change  the  lifts. 
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created  forward  going  and  back/ago  going  by  blade/vanes.  These 
changes  in  the  are  proportional  to  the  rate  of  the  motion  of 
blade/vane-  Actually,  olade  lift  is  proportional  to  angla  of  attack 
and  to  the  square  of  the  rate  of  the  motion  of  the  blade/vane 
relative  to  air  if,  which  with  low  or  is  approximately  equal  to 
component  in  the  plane  of  the  rotation/revolution  of  the 
screw/propeller  of  (U^U7,).  A change  in  blade  angle  of  attack  is 
equal  of  the  where  the  Att7.,  - increase  normal  to  the  plane  of 

rotation/revolution  of  the  velocity  component  of  blade/vane.  It  is 
obvious,  lift  increment  of  the  blade/vane  of  AK1~AaB7  * or 
SYx~\WyWx.  Since  AW'w  constant,  but  Wx  on  the  going  forward 
blade/vane  are  more  than  on  back/ago  going,  also  an  increase  in  th» 

A Vj,  on  it  will  be  more,  which  will  cause  flapping  blade/vanes,  which 
leads  to  the  slope/i nc 1 ina tion  of  the  tulip  of  rotor  back/ago  (Fig. 
19.21).  The  thrust  line  of  P+P* Aa  will  pass  before  the  center  of 

mass  and,  consegue nt 1 y , will  create  the  pitching  destabilizing 
torque/moment.  It  is  analogous,  it  An  < 0,  then  also  A/Z„B<0. 

Thus,  Af!,.  >0,  i.  e.  , rotor  in  forward  motion  contributes  to 

the  instability  of  helicopter  on  angLe  of  attack. 

It  is  obvious,  the  M\  of  helicopter  it  will  be  composed  of 


* 
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values 

Af*  = Ml  *«+  M*  ♦ T" 


where  the  All*,  M\ CT  are  derivatives  on  angle  of  attack 

the  moments  of  rotor,  fuselage  and  stabilizer  respectively. 


In  the  absence  of  stabilizer,  the  helicopter  is  unstable  on 
angle  of  attack. 


f l om 


DOC 


7b2  51  3 if> 


PAGE 


//S'? 


Page  361. 
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Fig.  19.21.  the  emergence  of  t orgue/raomen  t during  a change  of  the 
angle  of  attack  in  flight  (dotted  line  - the  position  of  helicopter 
after  a change  in  the  angle  of  attack). 

Key:  (1).  Axle/axis  of  propeller  shaft. 


Fig.  19.22.  Emergence  of  torqmymoment  during  a change  in  the  flignt 
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speed  of  helicopter. 


Key:  (1).  Flapping  angle. 
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Stability  of  helicopter  or  speed.  As  it  was  noted  above,  an 
increase  in  the  velocity  of  flight  (with  constant  a)  it  laads  to  the 
deflection  of  rotor  back/ago  (Fig.  19.22)  , as  a result  of  which 

appears  the  pitching  torgue/moment,  which  facilitates  the  flight  path 
curvature  of  upward  motion  and,  therefore,  to  the 

restoration/reduction  of  the  initial  velocity  of  upward  motion  and, 
therefore,  to  the  restoration/ieduction  of  the  initial  velocity  of 
■otion.  This  same  contributes  the  torg ue/aome n t,  created  by  fuselage; 
on  stabilizer  appears  the  destabilizing  torgue/moment.  As  a whole  the 
derived  Mv,  of  helicopter  is  positive,  which  indicates  the  presenc*- 
of  speed  stability. 


Longitudinal  disturbed  motion  of  helicopter.  The  disturbed 
motion,  caused  by  pitching,  approximately  can  be  described  by  the 
system  of  the  linearized  equations,  written  in  the  velocity  system  of 

the  coordinates: 


J. 


m 


t!\V 

tii 


mV 


i/A1) 

rf< 


— 0A6. 
=P*A«, 


dii 

fit 


~<iti 


(19.50) 
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during  the  compilation  of  equations  it  is  accepted  that  the 
principal  axis  of  inertia  coincides  with  axle/axis  Ox  the  cattle 
coordinate  system  and  that  the  Jt  in  the  process  of  the  disturbed 
movement  remains  constant,  characteristic  determinant  of  system 
(19.50)  takes  the  form  
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where  the  P*  - derivative  in  terras  of  the  angle  of  attack  of  rotor 

thrust . 


Page  362, 


As  in  the  case  of  hovering,  the  longitudinal  disturbed  motion  is 
composed  of  aperiodic  and  oscillatory  motions.  The  latter  is 
unstable.  Approximately  angular  oscillation  frequency  it  is  possible 
to  find  from  expression  {1*1-51),  by  disregarding  the  moment  of 
inertia  of  the  helicopter  of  the  A: 
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. Ml 
<*  + — 
P* 


whence  the  period  of  oscillations 


(19.52) 
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considering  V = 0,  from  relationship  (19.52)  it  is  possible  to 
determine  the  oscillatory  period  of  oscillations  while  hovering 

( 1 9.  4 9)  . 


To  a reduction/descent  in  the  degree  of  the  oscillatory 
instability  contribute  an  increase  in  the  damping  and  a decrease  in 
the  stability  level  in  velocity.  Since  the  period  of  the  vibrations 
of  helicopter  is  sufficiently  great  (15-20  s)  , is  oscillatory 
instability*  if  the  gradient  of  the  increase  of  amplitude  is  small, 
does  not  cause  considerable  difficulties  in  control.  The  account  of 


DOC  = 76251336 


P4BF  *-  //U 


the  t orque/moment  of  /s  will  lead  to  an  increase  in  the  period  ni 
the  vibrations  of  helicopter. 


PROBLEMS  FOR  REPETITION. 

1.  Which  methods  are  utilized  during  the  flignt  performance  test 
of  helicopter? 

2.  How  does  affect  the  proximity  of  the  Earth  inductive  power? 

3.  Why  the  service  ceiling  of  helicopter  is  greater  than  static? 

u.  How  is  caused  the  limitation  of  the  vertical  rate  of  descent 
in  the  helicopter  power-on? 


5.  To  which  angles  of  setting  (low  or  large)  to  favorably 
establish/install  the  blade/vaRes  of  rotor  with  descent  under  the 
conditions  of  a utorota  tion.  Why? 
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6.  By  which  indices  is  characterized  the  mod  e/con i it i ons  ol  the 
maximum  flying  distance  of  helicopter. 

PH OB LEM. 

To  determine,  to  what  is  equal  the  projection  of  the  £7-  of 
rotor  thrust  on  the  axle/axis  of  the  of  helicopter  Mi-*  under 

the  following  conditions:  in  level  flight  the  shaft  horsepower  of 
rotor  is  equal  to  N - 4500  kW,  and  the  revolutions  of  screw/propeller 
are  equal  to  n = 116  r/min;  arm  from  the  center  of  mass  of  helicopter 
to  the  axle/axis  of  the  tail  lotoL  of  23  *. 


Answer/response:  16000  n. 


Page  363. 
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